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ABSTRACT 
Twenty core  samples and 54 su r f ace  sediment samples were taken f rom sur-  
face mine l akes  i n  M issour i ,  I l l i n o i s ,  and Ind iana  t o  determine t h e  r a t e s  
of  n e u t r a l  i z a t i o n  o f  a c i d  mine lakes .  Sediment samples were analysed f o r  
d ia tom m i c r o f o s s i l  s, se lec ted  chemical elements, and t h e  rad ionuc l  ide,  1 ead- 
21 0. The sur face  samples showed t h a t  t h e r e  were s t r ong  d i f f e r e n c e s  i n  
d ia tom m i c r o f o s s i l s  between a c i d i c  and n e u t r a l  l akes  b u t  t h e r e  was no s t r ong  
d i f f e r e n c e  i n  sediment chemical composi t ion between a c i d i c  and n e u t r a l  
l akes .  O f  20 l akes  f rom which cores were examined, 9 showed d ia tom evidence 
o f  n e u t r a l i z a t i o n  and one o f  a c i d i f i c a t i o n  ove r  tirne. Cores f rom 5 of these 
were da ted  us ing  lead-210 ana l ys i s .  Diatom m i c r o f o s s i l s  showed t h a t  neu- 
t r a l i z a t i o n  t ook  from l e s s  than 3 years  t o  30 years  t o  occur.  Comparisons 
between l a k e  sediment and water  column chemis t ry  i n d i c a t e d  t h a t  n e i t h e r  
s u l f i d e  depos i t i on  n o r  H2S ou tgas ing  i s  1 i k e l y  t o  p l a y  a ma jo r  r o l e  i n  t h e  
n e u t r a l  i z a t i o n  process. Chemical analyses o f  l a k e  sediment showed t h a t  
t h e  sediment i s  a s i n k  f o r  heavy metals.  These rnetals a r e  he1 d as s u l -  
f ides.  There i s  a1 so a cons ide rab le  f r a c t i o n  o f  meta l  ions  s t r o n g l y  bound 
t o  c lays .  Th is  research demonstrates t h a t  a c i d  l a k e  n e u t r a l i z a t i o n  i s  
common, t h a t  i t  occurs ove r  moderate t ime  spans and t h a t  t h e  r a t e  i s  con- 
t r o l l e d  by r a t e s  o f  a c i d  supp ly  f rom t h e  watershed. 
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I NTRODUCTI ON 
Sur face min ing  f o r  coal  i n  t h e  American Midwest has i n  t h e  pas t  pro- 
ducted ex tens i ve  networks o f  wet lands as a more o r  l e s s  d e s i r a b l e  byproduct.  
The r e s u l t i n g  long, narrow, steep-sided l a k e s  ( o f t e n  c a l l e d  " f i n a l - c u t  i m -  
poundments") were produced by t h e  f i l l  i n g  o f  abandoned mine p i t s  w i t h  
groundwater and r u n - o f f  (Gibb and Evans 1978). Other, smal ler ,  bodies o f  
wa te r  were formed as a r e s u l t  o f  damming by haul roads and c o l l e c t i o n  o f  
wa te r  between r i d g e s  on abandoned mine s i t e s .  A l though t h e  c u r r e n t  Federal 
Mine Reclamation Law (PL 95-87) f o r b i d s  t h e  c r e a t i o n  o f  f i n a l  c u t  impound- 
ments and mandates reg rad ing  t o  f i l l  l a r g e  water  bodies,  many l a k e s  remain 
on s i t e s  mined b e f o r e  t h e  passage o f  t h e  f e d e r a l  law i n  1978. I n  I l l i n o i s  
more than 14,000 acres o f  su r face  mine impoundments e x i s t  (Haynes and 
Kl ims t ra  1975). Because o f  t h e  general  l a c k  o f  good wate r  sources f o r  
domest ic supply  and f o r  r e c r e a t i o n ,  these  impoundments rep resen t  a va luab le  
supply  (K l  ims t ra  and Nawrot 1982). 
One d i f f i c u l t y  t h a t  1 i m i t s  t h e  use o f  su r f ace  mine l a k e s  i s  poor 
water  q u a l i t y .  Often t h e  l akes  have h i g h  l e v e l s  of d i sso l ved  s o l i d s  
(Gibb and Evans 1975; Campbell and L ind  1969; K ing  e t  aZ. 1974). N h i l  e 
t h i s  problem l i m i t s  t h e  use o f  t h e  wate r  f o r  domestic o r  i n d u s t r i a l  pur -  
poses, i t  seems n o t  t o  i n h i b i t  t h e  development o f  a r i c h  b i o t a  i n c l u d i n g  
game f i s h  (Reishus 1982; Konik 1981; Smi th  and Frey 1971). A f a r  more 
se r i ous  problem i s  caused by a c i d  mine d ra inage  which may cause l a k e  pH's 
as low as 2.0. (Campbell and L ind  1969; K ing e t  aZ. 1974). Such low 
pH's i n h i b i t  t h e  development o f  a d i v e r s e  b i o l o g i c a l  community (Smi th  
and Frey 1971) and severe ly  1 i m i t  even r e c r e a t i o n a l  uses o f  t h e  lakes. 
Most su r f ace  mine l akes  i n  I l l i n o i s  a r e  n o t  seve re l y  a f f e c t e d  by a c i d  
i n p u t s  b u t  8% a r e  "adverse ly  a f f e c t e d  o r  undes i rab le "  ( K l i m s t r a  and 
Nawrot 1982). The adverse ly  a f f e c t e d  s i t e s  a r e  n o t  even ly  d i s t r i b u t e d  
across I l l i n o i s  b u t  tend t o  be c l u s t e r e d  i n  areas where pas t  mine reclama- 
t i o n  p r a c t i c e  was poor o r  where n i n e  overburdens a r e  low i n  a c i d  n e u t r a l i -  
z i n g  c a p a c i t y  (Hood 1978). 
The source o f  a c i d  i n  sur face mine l a k e s  i s  o x i d a t i o n  o f  i r o n  s u l f i d e -  
c o n t a i n i n g  minera l  s  ( p y r i t e  and marcas i t e )  i n  waste coa l  and sha le  l e f t  
around t h e  l a k e  a f t e r  m in ing  ceases. The o x i d a t i o n  r e a c t i o n  proceeds as 
f o l l o w s  (K ing  e t  a l .  1974): 
1 )  FeS2 + 3.5 02 + Hz0 Fet2 + 2s04-2 + 2 ~ '  
2 )  Fef2 + .25 02 + H +  Fet3 + .5H20 
3 )  Fet3 + 3H20 FeOH + 3 ~ '  
4 )  FeS2 + 3.75 02 + 3.5 Hz0 Fe(OH)3 + 2 ~ 0 ~ ~ '  + 4 ~ '  
The n e t  r e s u l t  of these r e a c t i o n s  (presented i n  equa t ion  4 )  i s  t o  
conve r t  f e r r o u s  s u l f i d e  i n t o  f e r r i c  hydrox ide  and s u l f u r i c  a c i d  c r e a t i n g  i n  
a  s t r o n g l y  a c i d  s o l u t i o n .  Th i s  a c i d  s o l u t i o n  leaches heavy me ta l s  and a- 
luminum f r om rocks  and s o i l s  produc ing a  h i g h l y  t o x i c  m i x tu re .  Some spe- 
c i a l  i z e d  an imals  and p l a n t s  s u r v i v e  i n  t h i s  s o l u t i o n  (McConathy and S tah l  
1982; McConathy 1973; L i n d  1966; Young 1976) b u t  t h e  d i v e r s i t y  o f  t h e  b i o t a  
i s  v e r y  l ow  (Smi th  and Frey 1971). 
I t  i s  impo r tan t  f o r  managers o f  mined l ands  t o  know i f  damaging i n -  
f l o w s  o f  a c i d  mine d ra inage  w i l l  p e r s i s t  ove r  a  l o n g  p e r i o d  o f  i f  some 
n a t u r a l  recovery  i s  t o  be expected. Campbell and L ind  (1969) examined 
t h r e e  l a k e s  over  t h e  p e r i o d  1940 t o  1965 and found t h a t  one wh ich  was a c i d  
i n  1940 n e u t r a l i z e d  by 1949 and t h a t  a l l  l a k e s  showed r e d u c t i o n s  i n  t o t a l  
d i s s o l v e d  s o l i d s .  I t  appears, then, t h a t  n e u t r a l i z a t i o n  o f  a t  l e a s t  some 
a c i d i c  l a k e s  occurs  w i t h  t ime,  b u t  i t  i s  unc lear  whether t h e  phenomenon i s  
widespread. 
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prob lem 1  i e s  i n  s t u d y i n g  t h e  f o s s i l  remains  o f  l a k e  organ isms found  i n  t h e  
accumulated sediment column, 
A l l  l a k e s  p r e s e r v e  a  more o r  l e s s  r e p r e s e n t a t i v e  sample o f  t h e i r  b i o t a  
i n  t h e  bo t tom sed iment  as  m i c r o f o s s i l s .  Because t h e  sediment column accu- 
m u l a t e s  i n  an o r d e r l y  f a s h i o n ,  t h e s e  f o s s i l  remains  can be used t o  recon-. 
s t r u c t  p a s t  changes i n  t h e  lakes .  Furthermore,  t h e  chemica l  c o m p o s i t i o n  
of  t h e  sed iment  i t s e l f  may be  used as an i n d i c a t o r  o f  p a s t  l a k e  environments.  
M i c r o f o s s i l s  i n  l a k e  sediment have been used t o  document t h e  l o n g - t e r m  
impact  o f  human d i s t u r b a n c e  on n a t u r a l  l a k e s  (Carney 1982; Brugam 1978; 
Osborne and Moss 1977; Bradbury  1975). They have a l s o  been used t o  document 
t h e  impact  o f  c l i m a t i c  changes on l a k e s  o v e r  a  g e o l o g i c a l  t i m e  s c a l e  
(Haworth 1972; Brugam 1980). The use o f  sediment m i c r o f o s s i l s  and c h e m i s t r y  
as i n d i c a t o r s  o f  p a s t  l a k e  env i ronments  has been rev iewed  by  Brugam (1983) 
and B i r k s  and B i r k s  (1980). 
O f  t h e  many d i f f e r e n t  m i c r o f o s s i l s  found  i n  l a k e  sediment,  d ia toms  
seem t o  be  most s u i t e d  t o  t h e  r e c o n s t r u c t i o n  o f  p a s t  w a t e r  qua1 i t y .  Diatoms 
a r e  u n i c e l l u l a r  a l g a e  t h a t  l i v e  b o t h  p l a n k t o n i c a l l y  and e p i p h y t i c a l l y  i n  
l a k e s  and have c e l l  w a l l  s  made o f  s i l  i ca ,  The c e l l  w a l l  c a r r i e s  a1 1  o f  
t h e  taxonomic i n f o r m a t i o n  about  t h e  spec ies  and i s  w e l l  p rese rved  i n  l a k e  
sediment. Thus i t  i s  easy t o  i d e n t i f y  t h e  spec ies  found as  m i c r o f o s s i l s .  
Fur thermore,  t h e  env i ronmenta l  pre ferences o f  p a r t i c u l a r  spec ies  a r e  
f a i r l y  w e l l  known (Lowe 1974). P a r t i c u l a r  spec ies  a r e  abundant b o t h  i n  
a c i d  and a1 k a l  i n e  mine l a k e s  (Young 1976). 
A n a l y s i s  o f  d i a t o m  m i c r o f o s s i l  s  f r o m  l a k e  sed iment  has been used t o  
document t h e  l o n g - t e r m  impac ts  o f  s u l f u r i c  a c i d  r a i n  on lakes .  A num- 
b e r  o f  i n v e s t i g a t o r s  ( S c h o f i e l d  and Gal loway 1977; Del P r e t e  and S c h o f i e l d  
1981; Norton e t  aZ. 1980) have noted changes i n  d ia tom assemblages as a  
r e s u l t  o f  r e c e n t l y  increased s u l f u r  emissions f rom f o s s i l  f u e l  
burning. 
Diatom m i c r o f o s s i l  a n a l y s i s  has o n l y  r e c e n t l y  been a p p l i e d  t o  sedi -  
ments f rom su r face  mine lakes. F r i t z  and Carlson (1982) examined a  sediment 
c o r e  from a  mine l a k e  i n  Ohio t h a t  was known t o  have neu t ra l i zed .  They 
found t h a t  t h e r e  was a  major  change i n  t h e  sediment d ia tom assemblage f r om 
a c i d  t o  a1 ka l  i n e  species, Sediment chemical a n a l y s i s  showed major  changes 
a t  t h e  same depth i n  t h e  sediment column. ' It i s  apparent f rom F r i t z  and 
Car lson 's  work t h a t  t h e  sediment does c o n t a i n  a  reco rd  o f  t h e  pas t  env i ron-  
ments o f  su r f ace  mine lakes. 
One problem w i t h  F r i t z  and Car lson 's  s tudy  i s  t h e  l a c k  o f  d a t i n g  con- 
t r o l  on t h e  accumulat ion r a t e  o f  t h e  core. Wi th  good d a t i n g  c o n t r o l  i t  
would be p o s s i b l e  t o  es t ima te  t h e  r a t e  o f  l a k e  pH change, Furthermore, 
good es t imates  o f  sediment accumulat ion r a t e s  should a l l o w  t h e  es t ima t i on  
o f  l o s s  r a t e s  o f  i n d i v i d u a l  chemical elements t o  t h e  l a k e  sediment. If 
such an es t ima te  were a v a i l a b l e  f o r  s u l f u r  i t  cou ld  be used t o  t e s t  t h e  
v a l i d i t y  o f  Sch ind le r  et a Z ' s  (1980) suggest ion t h a t  FeS d e p o s i t i o n  i s  
impo r tan t  i n  c o n t r o l l i n g  t h e  s e n s i t i v i t y  o f  l akes  t o  a c i d i f i c a t i o n ,  
The p resen t  s tudy  was undertaken t o  t e s t  i f  n e u t r a l i z a t i o n  o f  a c i d i c  
su r f ace  mine l a k e s  i s  a  widespread phenomenon, t o  determine r a t e s  of 
n e u t r a l i z a t i o n  f o r  i n d i v i d u a l  l akes  and t o  determine r a t e s  o f  chemical de- 
p o s i t i o n  i n  t h e  lakes, We chose d ia tom m i c r o f o s s i l s  as i n d i c a t o r s  of  
pas t  l a k e  pH because t hey  show s t r o n g  s e n s i t i v i t y  t o  pH change (Hustedt  
1939; Mer i  1  a inen 1967 J. Furthermore, o t h e r  i n v e s t i g a t o r s  have found t h a t  
diatoms a r e  use fu l  i n d i c a t o r s  o f  pas t  l a k e  pH ( S c h o f i e l d  and Gal loway 
1977; l l o r ton  e t  aZ. 1980; F r i t z  and Carl  son 1982), P r e l  im ina ry  a t tempts  t o  
use zooplankton m i c r o f o s s i l s  as i n d i c a t o r s  o f  pas t  l a k e  pH were unsuccess- 
f u l  because a c i d  l akes  c o n t a i n  no spec ies t h a t  l e a v e  recogn i zab le  remains 
( C u r r i n d e r  1982). 
Ca, Mg, Fe, Pln, Ni ,  Zn, Cdy C r ,  P, and S  were analysed i n  t h e  l a k e  
sedirnent. These elements were chosen because t h e i r  abundances were be- 
l i e v e d  t o  be r e l a t e d  t o  l a k e  pH o r  because t hey  rep resen t  s i g n i f i c a n t  en- 
v i ronmenta l  heal t h  p rob l  ems. 
Lead-210 a n a l y s i s  was used t o  measure sediment accumulat ion r a t e s .  As 
mentioned above, good d a t i n g  o f  t h e  sediment i s  necessary t o  de te rmine  l a k e  
n e u t r a l  i z a t i o n  r a t e s .  
2,O METHODS 
2 , l  F i e l d  Metliods 
-- 
During  t h i s  s tudy  sediments f rom 54 l akes  i n  M i ssou r i ,  Southern I l l i n o i s  
and Southern I nd iana  were sampled. I n  sorne l a k e s  cores  were taken  o f  sed i -  
ment u s i n g  t h e  g r a v i t y  c o r e r  designed by  Huttunen and M e r i l a i n e n  (1975). 
The c o r e r  was f i t t e d  w i t h  a  tube  of 2.5 crn ( 1  i n . )  d iamete r  t h a t  a l lowed 
t h e  r e t r i e v a l  o f  sediment t h a t  had accumulated s i n c e  m in i ng  ceased i n  most 
s u r f a c e  mine 1  a  kes. 
I n  t hose  l a k e s  f rom which cores  were n o t  taken, samples o f  t h e  sed i -  
ment/water i n t e r f a c e  were made us i ng  a  dev i ce  thrown f rom t h e  shore, Th i s  
sampler cons i s t ed  o f  a  cy l ' i nder  o f  conc re te  i n t o  wh ich  two 2.5 cm ( 1  i n . )  
p l a s t i c  tubes  had been cas t ,  The tubes were ar ranged p e r p e n d i c u l a r l y  t o  one 
ano ther  and bo th  ends o f  each t ube  p ro t ruded  f rom t h e  conc re te  c y l i n d e r  
approx imate ly  2.5 cm ( 1  in,) .  An e y e b o l t  was a f i x e d  t o  one end o f  t h e  
c y l i n d e r  and t i e d  t o  a  rope. To t a k e  a  sample t h e  concre te  c y l i n d e r  was 
thrown i n t o  t h e  cen te r  o f  t h e  l a k e  and p u l l e d  o u t  w i t h  t h e  rope. As t h e  
sampler was p u l l e d  t h e  t ube  which landed i n  c o n t a c t  w i t h  t h e  l a k e  b o t t a r ~ ~  
f i l l e d  w i t h  sediment. The c o l l e c t e d  sediment was p laced i n  a  p l a s t i c  bag 
and saved f o r  f u r t h e r  ana lys is ,  The sampler was e f f e c t i v e  f o r  surface mine 
l akes  o f  smal l  area whose deepest waters  cou ld  be reached by c a s t i n g  f rom 
t h e  shore, bu t  i t  would c e r a t i n l y  n o t  be as e f f e c t i v e  i n  a  n a t u r a l  l a k e  
w i t h  a  l a r g e r  area o r  a  more g e n t l y  s l o p i n g  shore1 ine. 
I n  a1 1  l akes  samples o f  su r face  wate r  were taker1 and s to red  i n  po ly -  
e t h y l  ene b o t t l e s  u n t i l  ana lys is .  I n  some 1  akes samples o f  deeper wate r  
were taken  w i t h  a  Kemmerer water  sampler a t  1 meter  depth i n t e r v a l s  f ror r~ 
t h e  su r f ace  t o  t h e  bottom, D isso lved  oxygen and temperature were measured 
in situ u s i n g  a  Yel low Spr ings Ins t rument  d i sso l ved  oxygen meter and probe, 
The l a k e s  i nc l uded  i n  t h i s  s tudy  were chosen t o  r ep resen t  t h e  broad range 
o f  impoundments found on surface-mined l a n d  i n  t h e  Midwest. Ages o f  t h e  
l a k e s  v a r i e d  f rom 40 t o  14 years.  The e x t e n t  o f  watershed rec lamat ion  
v a r i e d  f rom e s s e n t i a l l y  none t o  t h a t  p resc r i bed  by t h e  1962 I l l i n o i s  Re- 
c l ama t i on  Law. Because t h e  focus of t h i s  work i s  on t h e  recovery  of ex- 
t r eme ly  a c i d  lakes,  no samples were taken  f rom s i t e s  rec la imed under t h e  
Federal  Sur face Min ing  and Reclamation Act  o f  1977 (P.L. 95-87), 
F i gu re  1 and Table 1 show t h e  l o c a t i o n s  o f  a1 1  l akes  sampled. The 
sample l akes  were l o c a t e d  i n  a  number o f  geographica l  areas. Because 
many l akes  were unnamed we have assigned narnes. I n  t h e  Pyrarr~id and Patoka 
s i t e s  l a k e  names a r e  those  g iven  by s t a t e  conse rva t i on  a u t h o r i t i e s .  Con- 
s i de red  f rom west t o  east,  t h e  f i r s t  sample area was a t  F i nge r  Lakes S t a t e  
Park about 13 km (8 mi.) n o r t h  o f  Colurnbia Mo, on s t a t e  r o u t e  63. Th is  
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Tab le  1: Loca t ions  and pH's o f  su rvey  1 akes. 
Lake Name pH L a t i t u d e  Long i tude  Township Range Sect i o n  
F i n g e r  Lakes S t a t e  Park, Boone Co., M i s s o u r i  
Monsoon 5.8 39' 4.5' 92'19' 50N 12W 3 1 
Mark 6.3 39' 5.5' 92'19' 50N 12W 3 0 
Su~ni 6.6 39' 5.5' 92O18.5' 50N 12W 3 0 
Fake 6.7 39' 6.0' 92'19' 50N 12W 3 0 
B e l l e v i l l e - P l i l l s t a d t ,  St .  C l a i r  Co., I l l i n o i s  
Gobpi 1 e 3.8 38' 28 '  90' 4.9' 1 S 
AF Plidco 7.2 38' 28.5' 89'59.5' 1 S 
Angl e r  1 7.7 38' 28 '  89' 5.0' 1 S 
A n g l e r  2 7.2 38' 28'  ' 89' 5.0' 1 S 
Junk Road 7,4 38' 29.5' 90'11.5' 1s 
Beanf i e l  d 7.5 38' 29.5' 90' 1.0' 1 S 
R i c h  P r a i r i e  7.8 38' 26 '  90" 2.0' 1 S 
I LPCO 7.6 38' 29 '  90" 0.0' 1s 
Meadow 7.7 38' 28.5' 89'59.5' 1 S 
Midco S t r i p  8.1 38' 28.5' 89'59.5' 1 S 
Desoto, Sackson Co., I l l i n o i s  
McConathy A 3.1 
McConathy B 3.2 
Moroni  Ac id  P i t  3.3 8 S 
Red Lake 3.4 37' 47.1' 89' 8 '  8s  
B r a d l e y ' s  3.5 37' 49.5' 89'14' 8 S 
McConathy M 3.6 
McConathy H 3.7 
Dav is  6.4 37' 47'  89' 8 '  9s 
Ploroni B i g  P i t  6.7 37" 50' 89'14.5' 8s  
Moroni  #2 7.4 37' 50.4' 8g014,4' 8s  
Pyramid S t a t e  Park, P e r r y  Co., I 1  1 i n o i s  
Hunt1 ey 
Marsh 
Reed 
Hook 
Wessel n 
S p r i n g  
W i l l o w  
C1 ear  
C r y s t a l  
L. Beaver 
Bou lder  
Cottonwood 
Heron 
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t o  t h e  Desoto l a k e s  su r f ace  samples were taken  f r om two l a k e s  near  Carnbria, 
I 11  (F ig .  6). A l l  bu t  t h r e e  o f  t h e  l a k e s  sampled i n  t h e  Desoto-Cambria 
area had s t r o n g l y  a c i d  su r f ace  water.  M in ing  a t  these  s i t e s  occur red  be- 
tween 1944 and 1952. The e x t e n t  o f  r ec l ama t i on  a t  t h e  Desoto-Cambria 
s i t e s  v a r i e d  f r om f u l l  r e v e g e t a t i o n  w i t h  grass t o  o n l y  poor n a t u r a l  revege- 
t a t i o n  w i t h  broad areas o f  exposed mine s p o i l .  A1 1  o f  t h e  1  akes sampled 
had p r e v i o u s l y  been s tud ied  by McConathy (1973) and McConathy and S tah l  
(1982). One lake ,  Mo ron i ' s  B i g  P i t ,  has r ece i ved  more i n t e n s i v e  s tudy  i n  
t h e  pas t  by Lewis and Nikkam (1964) and S tah l  (1968). 
Lakes i n  and around t h e  Patoka F i s h  and Wild1 i f e  area i n  Winslow, 
P i ke  Co, Ind iana  were a1 so sampled, I n  t h i s  area samples were made f r om 
b o t h  a c i d  and n e u t r a l  lakes. As a t  t h e  Pyramid s i t e  a few l akes  a l s o  had 
deep l a y e r s  o f  a c i d  water. M in i ng  occur red  between 1940 and 1960. The 
watersheds a t  >he Patoka Area a l l  were n a t u r a l l y  revege ta ted  except  f o r  
some p i l e s  o f  mine s p o i l  where n a t u r a l  r e v e g e t a t i o n  was slower. A few of 
t h e  s tudy  l a k e s  f rom t h e  Patoka area had p r e v i o u s l y  been i n v e s t i g a t e d  by 
Smi th  and Frey  (1971), 
2,2 Labora to ry  l4etliods: 
- 
Cores were r e t u r n e d  t o  t h e  l a b o r a t o r y  i n  v e r t i c a l  p o s i t i o n  t o  p reven t  
d i s t u rbance  o f  t h e  f l o c c u l e n t  sediments near  t h e  sed iment lwa te r  i n t e r f a c e .  
W i t h i n  a  day t h e  cores  were ex t ruded  by pushing t h e  sediment upward th rough  
t h e  c o r e  t u b e  and s l i c i n g  i t  o f f  a t  i n t e r v a l s  v a r y i n g  f r om 1 t o  5  cm de- 
pending on what was t o  be done w i t h  t h e  sample. I f  s u l f i d e  analyses were 
t o  be performed a1 i q u o t s  o f  sediment were taken  immediate ly  and analysed 
t o  a v o i d  o x i d a t i o n  o f  t h e  su l f i de .  The remainder o f  t h e  sediment was s to red  
LAKE \ 
Figure 6: Map o f  the study lakes near Carnbria, IL 
i n  p l a s t i c  bags u n t i l  needed f o r  f u t h e r  ana l ys i s .  
S u l f i d e  i n  t h e  sediment was analysed us ing  t h e  techniques o f  Nr iagu 
(1968). A known volume o f  sediment was placed i n  a s i d e  arm f l a s k  con- 
t a i n i n g  100 m l  o f  water  t h a t  had been purged o f  d i sso l ved  oxygen w i t h  N2. 
S u l f i d e  was re leased  f r om t h e  sediment w i t h  10 ml o f  concentrated HC1. The 
H2S and N2 gas m i x t u r e  was bubbled f o r  15 minutes th rough two a d t l i t i o n a l  
side-arm f l a s k s  c o n t a i n i n g  .1 N z i n c  a c e t a t e  s o l u t i o n  t o  t r a p  t h e  H2S as 
ZnS. T h i s  suspension o f  ZnS was analysed by i o d i m e t r y  accord ing  t o  t h e  
method ou t1  ined  i n  Standard Methods. For chemical a n a l y s i s  known v o l  umes 
o f  sediment were weighed t o  determine wet weight,  d r i e d  a t  1 0 5 i . 5 ~ ~ ~  
weighed aga in  t o  determine d r y  weight ,  ashed a t  550 f 50°c, and weighed a- 
g a i n  t o  determine ash ( o r  minera l  ) weight .  The ashed sediment was p laced 
i n  a beaker w i t h  6 N HC1. The beaker was covered w i t h  a watch g l ass  and 
warmed o v e r n i g h t  t o  a l l o w  c a t i o n s  t o  l each  out .  A f t e r  leaching,  t h e  sample 
was f i l t e r e d  t o  remove s i l i c a t e s  and t h e  f i l t r a t e  was evaporated t o  d r y -  
ness. The r e s i d u e  a f t e r  evapora t ion  was brought  i n t o  s o l u t i o n  i n  .1 M HC1 
and s t o r e d  i n  small po lye thy lene  b o t t l e s .  F i n a l  meta ls  a n a l y s i s  was per-  
formed us ing  a Pe rk i n  Elmer model 703 atomic abso rp t i on  spectrophotometer. 
Phosphorus was analysed i n  a 6 m l  a l i q u o t  of  t h e  .1 N HC1 p repa ra t i on  
us ing  t h e  vanadomolybdate ye1 low techn ique  presented i n  Jackson (1967). 
Th i s  method was chosen because o f  i t s  r e l a t i v e  i n s e n s i t i v i t y  t o  Fe+++ i n t e r -  
f erence. 
I n  o r d e r  t o  determine t h e  chemical mechar~isms b i n d i n g  c a t i o n s  t o  
su r f ace  mine l a k e  sediment a f r a c t i o n a t i o n  process was used on samples frorn 
a c o r e  f rom Bethel  lake ,  a n e u t r a l  l a k e  a t  t h e  Patoka s i t e ,  on surface sam- 
p l e s  f r om t h e  a c i d  l a k e  a t  t h e  B e l l e v i l l e - M i l l s t a d t  s i t e  and on a c i d i c  
mine waste f rom t h e  same s i t e .  F i g u r e  7  shows t h e  p r o t o c o l  fo l lowed. The 
sediment sample was d i v i d e d  i n t o  3 a l i q u o t s .  The f i r s t  was ashed and 
leached i n  6 N HC1 as o u t l i n e d  above f o r  t h e  o t h e r  su r f ace  and c o r e  samples. 
The second a1 i q u o t  o f  raw sediment was 1  eached o v e r n i g h t  i n  1 F.4 ammonium 
a c e t a t e  a t  room temperature o v e r n i g h t  on a  shaker t ab l e .  Th i s  t r ea tmen t  
s l ~ o u l d  r e l ease  c a t i o n s  t h a t  a r e  weakly bound t o  i o n  exchange sur faces  i n  
t h e  sediment (presumably c l ays ) .  A f t e r  1  eaching t h e  sampl e  was f i l t e r e d  
and t h e  r e s i d u e  ashed and leached i n  6 N HC1. Both t h e  ammonium a c e t a t e  
f i l t r a t e  and t h e  l eacha te  o f  t h e  ashed r e s i d u e  were analysed f o r  v a r i o u s  
c a t i o n s  by a tomic  absorpt ion.  The t h i r d  a1 i q u o t  o f  raw sediment was leached 
w i t h  . I  N HC1 u n t i l  no H2S cou ld  be smelled. The sample was f i l t e r e d  and 
t h e  f i l t r a t e  was analysed by a tomic  abso rp t i on  f o r  ca t i ons .  T h i s  t r e a t -  
ment should  r e l e a s e  c a t i o n s  h e l d  i n  ac i d - so l  ub l e  compounds such as meta l  
s u l f i d e s  and, i n  t h e  case o f  calc ium, as  carbonates. The r e s i d u e  remain ing 
a f t e r  f i l t e r i n g  was leached o v e r n i g h t  i n  1 N ammonium ace ta te ,  and f i l t e r e d  
w i t h  t h e  f i l t r a t e  be ing  a r~a lysed  f o r  c a t i o n s  by a tomic  absorp t ion .  T h i s  
process should  make i t  p o s s i b l e  t o  de te rmine  how much o f  t h e  ammonium- 
l eachab le  c a t i o n s  a r e  a l s o  l eachab le  by H'. The r e s i d u e  a f t e r  t h i s  f i l -  
t r a t i o n  was ashed and leached i n  6 N HC1 w i t h  t h e  l e a c h a t e  be ing  analysed 
f o r  ca t i ons .  
Ana l ys i s  o f  wa te r  samples f o l l o w e d  Standard Methods (American P u b l i c  
Hea l t h  Assoc ia t i on  1975). A  g l ass  e l e c t r o d e  meter  was used t o  measure pH. 
S u l f a t e  was measured us i ng  BaC12 p r e c i p i t a t i o n  and t u r b i d i m e t r y .  To ta l  
phosphorus was measured a f t e r  d i g e s t i o n  o f  an u n f i l t e r e d  sample w i t h  po- 
t ass i um~  p e r s u l f a t e  us i ng  t h e  molybdate-b lue method. Calcium and magnesium 
were rneasured by  EDTA t i t r a t i o n .  S u l f i d e  was measured by i o d i m e t r y  i n  l a k e  
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water  samples t h a t  had been t r e a t e d  immediate ly  a f t e r  sampl ing w i t h  z i n c  
acetate.  
Lead-210 was used t o  determine sed imenta t ion  r a t e s  i n  many o f  t h e  l a k e  
cores analysed here. It i s  a n a t u r a l l y  o c c u r r i n g  r a d i o n u c l i d e  w i t h  a 22 
y r .  hal f -1 i f e  t h a t  p r e c i p i t a t e s  o u t  o f  t h e  atmosphere and accumulates i n  
s o i l s  and l a k e  sediments (Robbins 1978). I t s  abundance i n  sediment cores 
of  l a k e s  can be used t o  determine sediment accumulat ion ra tes .  Lead-210 
a c t i v i t i e s  i n  t h e  sediment cores cons idered here were determined us ing  t h e  
bismuth ingrowth  method (Kharkar et u Z .  1976). The sediment was ashed, 
sp iked  w i t h  a known amount o f  s t a b l e  l ead  c a r r i e r  and leached i n  6 N HC1. 
The 1 ead sp i ke  was then recovered as 1 ead chromate f r om t h e  1 eachate us ing  
i o n  exchange and p r e c i p i t a t i o n  a t  pH 5 w i t h  sodium chromate. The l ead  
chromate was spread on a p l anche t t e  and covered w i t h  a 1 m i l  My la r  f i l m  t o  
prevent  t h e  coun t ing  o f  beta p a r t i c l e s  o t h e r  than those  produced by bismuth- 
210. The ingrowth  o f  t h i s  daughter p roduc t  o f  lead-210 was f o l l o w e d  by 
coun t i ng  t h e  sample t h r e e  t imes  ove r  a pe r i od  o f  a month f o r  500 t o  1400 
minutes. Sediment accumulat ion r a t e s  were determined by reg ress ion  o f  l o g  
lead-210 a c t i v i t y  on sample depth i n  t h e  sediment. No c o r r e c t i o n  was made 
f o r  supported 1 ead-210 (produced f rom t h e  in situ decay o f  uranium i n  t h e  
sediment)  because t h e  t ime  s i nce  t h e  c r e a t i o n  o f  t h e  l a k e s  i s  shor t ,  Thus 
a tmosphe r i ca l l y  de r i ved  lead-210 i s  t h e  l a r g e r  f r a c t i o n  o f  t h e  t o t a l  l ead-  
210 a c t i v i t y .  Not c o r r e c t i n g  f o r  supported 1 ead-210 shoul d produce o n l y  
m inor  e r r o r s  i n  t h e  de te rmina t ion  o f  t h e  sed imenta t ion  r a t e .  
Diatom m i c r o f o s s i l  s were a1 so examined i n  t h e  sediment o f  t h e  l akes  
s t u d i e d  here. The diatoms were prepared by t r e a t i n g  t h e  sediment w i t h  10% 
HC1 t o  remove carbonates f o l l owed  by n i t r i c  a c i d  and potassium d ichromate 
a t  100°C t o  remove o rgan i c  mat ter .  Treated samples were mounted on mic ro -  
scope s l i d e s  i n  Naphrax h i g h  r e f r a c t i v e  index mounting medium. The species 
were i d e n t i f i e d  and enumerated us ing  a compound microscope w i t h  an o i l  irrl- 
mersion o b j e c t i v e .  Attempts were made t o  t a l l y  500 i n d i v i d u a l s  per  sarnples 
b u t  because o f  h i g h  c l a y  concen t ra t ions  some t o t a l  counts  were as few as 200. 
A1 1 s t a t i s t i c a l  analyses were performed us ing  t h e  SPSS s t a t i s t i c a l  pro- 
gram package (N ie  e t  a1 . 1975). 
3.0 Resu l ts  and Discuss ion 
3,l Lead-210 
I n  o rde r  t o  determine t imes  o f  n e u t r a l  i z a t i o n  o f  su r face  mine l akes  
us ing  t h e  m i c r o f o s s i l s  a n a l y s i s  i t  i s  f i r s t  necessary t o  d a t e  t h e  sediment 
colurnn. One poss ib l  e method o f  d a t i n g  i s  1 ead-210 ana l ys i s .  Lead-210 i s  a 
shor t -1  i v e d  n a t u r a l l y  o c c u r r i n g  rad ionuc l  i d e  whose source i s  t h e  decay of 
atmospheric radon-222. The radon i s  produced f rom radium-226 i n  rocks  and 
s o i l s .  Lead-210 t h a t  o r i g i n a t e s  f rom atmospheric radon decay accumulates i n  
s o i l s  and l a k e  sediments. As t h e  sediment a t  t h e  bottom o f  a l a k e  ages, 
t he  a tmosphe r i ca l l y  de r i ved  lead-210 decays. Thus, i n  a c o n s t a n t l y  accumu- 
l a t i n g  sediment column, lead-210 a c t i v i t i e s  should d e c l i n e  e x p o n e n t i a l l y  as 
depth i n  t h e  sediment increases. The steepness o f  t h e  dec l  i n e  w i l l  be 
governed by t h e  accumulat ion r a t e  of t h e  sediment. Equat ion 5 r e l a t e s  t h e  
lead-210 a c t i v i t y  t o  sediment accumulat ion r a t e  and dep th  (Krisnaswami e t  
a l .  1971). 
-A 
5 )  A, = Aoe HZ 
Where: 
A, = t h e  s p e c i f i c  a c t i v i t y  o f  lead-210 a t  depth z 
Ao = t h e  s p e c i f i c  a c t i v i t y  o f  lead-210 a t  dep th  0 
X = t h e  decay constant  o f  1 ead-210 (.033 yr-l) 
s = t h e  sediment accumulat ion r a t e  (cm./yr. ) 
Equat ion 5 i s  more e a s i l y  a p p l i e d  when conver ted t o  i t s  l i n e a r  form 
(Equat ion 6). 
X 
- z 6 )  I n  A, = I n  Ao - s 
I n  p r a c t i c e  s and Ao a r e  determined by l i n e a r  r eg ress ion  o f  t h e  n a t u r a l  
l o g  of t h e  lead-210 a c t i v i t y  a t  many depths on depth below t h e  sediment- 
wa te r  i n t e r f a c e  (Robbins 1978). Also, i n  n a t u r a l  lakes, c a r e  must be taken  
t o  c o r r e c t  f o r  lead-210 which i s  n o t  o f  atmospheric o r i g i n  b u t  which i s  pro- 
duced f rom t h e  decay o f  radon-222 w i t h i n  t h e  l a k e  sediment. I n  su r f ace  
mine l akes  such a c o r r e c t i o n  was deemed unnecessary because of  t h e  smal l  age 
o f  t h e  1 akes. 
To use t h e  lead-210 model presented above f o r  d a t i n g  a l a k e  sediment, 
one must assume t h a t  t h e r e  has been a cons tan t  i n f l u x  o f  lead-210 t o  t h e  
sediment su r f ace  and t h a t  sediment accumulat ion r a t e s  have a l s o  been cons tan t  
ove r  a t  l e a s t  a p o r t i o n  o f  t h e  sediment column. Many n a t u r a l  l akes  f i t  t h e  
1 ead-210 model w e l l  (Robbins 1978). 
I n  su r f ace  mine lakes, however, t h e  lead-210 techn ique  i s  more d i f f i -  
c u l t  t o  apply.  Because mine l akes  a r e  i n  h i g h l y  d i s t u r b e d  landscapes, b o t h  
lead-210 i n f l u x e s  and sediment accumulat ion r a t e s  may v a r y  as va ry i ng  amounts 
o f  watershed s o i l  a r e  eroded i n t o  t h e  lake. 
F i gu re  8 shows v a r i a t i o n s  i n  t h e  n a t u r a l  l o g  o f  lead-210 a c t i v i t y  w i t h  
depth f o r  a number o f  su r f ace  mine lakes.  The r e s u l t s  f r om each l a k e  w i l l  
be d iscussed i n  tu rn .  These l akes  were chosen f o r  a n a l y s i s  because t hey  
WESSELN 
+ 
S =  .99* .52 
:x+ + +. 
1 1 1 l 1 1 1 1 I  
5 15 25 35 45 
3.0-+ MORONI 
1.0- y . 5 4  
+ + + +  
+ 
I 1 1 1 1 1 1 1 1  
5 15 25 35 45 
3 0 -  
2 0 
1.0 - 
DEPTH IN CORE (cm.) 
LINDEN 
:+% 
S=.58+.08 
++ A < 1.9 
1 1 1 1 1 1 1 1  
F igu re  8: Lead-210 analyses vs.  depth i n  sediment f o r  
s i x  su r f ace  mine lakes  
5 15 25 35 45 
showed evidence of n e u t r a l  i z a t i o n .  
The lead-210 cu rve  f o r  Wesseln l a k e  has a l r eady  beer1 discussed by 
Brugan and Carlson (1981). The da ta  p o i n t s  show a h i g h  var iance  i n d i c a t i n g  
t h a t  sediment accumulat ion r a t e s  o r  1 ead-210 i n f l  Lxes have v a r i e d  w i d e l y  over  
t h e  h i s t o r y  o f  t h e  lake, The reg ress ion  l i n e  (Equat ion 7 )  f i t t e d  t o  t h e  p o i n t s  
i n d i c a t e s  a sediment accumulat ion r a t e  of .99 2 .52 cm,yr imp l y i ng  t h a t  t h e  
30 cm l e v e l  i n  t h e  co re  was depos i ted  i n  1950. Th is  d a t e  i s  c o n s i s t e n t  w i t h  
t h e  known age o f  t h e  1 ake (Lewis and Pete rs  1954), 
For Linden l a k e  t h e r e  i s  no i n f o r m a t i o n  on d a t e  o f  f o rma t i on  t o  compare 
w i t h  t h e  lead-210 data. The lead-210 a c t i v i t i e s  f o r  t h e  Linden c o r e  f a l l  
a long  two 1 i nes  w i t h  d i f f e r e n t  s lopes (Equat ions 8 and 9). 
The sha l lower  sedimentary regime shows a s lower  sedimentat ion r a t e  
(.582 .08 cm/yr)  whereas t h e  deeper regirne i s  f a s t e r  and more v a r i a b l e  
(1.721.9 cm/yr), Such a s i t u a t i o n  i s  comrnon i n  man-made impoundments 
(Brugam and Car lson 1981; Carlson 1982) because o f  s lumping and r e d i s t r i -  
b u t i o n  o f  sediment as t h e  l a k e  f i l l s  w i t h  water  j u s t  a f t e r  fo rmat ion .  Wi th  
more da ta  p o i n t s  a t  Linden, t h i s  regime m igh t  be shown t o  have accumulated 
n e a r l y  ins tantaneously .  
The lead-210 da ta  f rom Sun~i l a k e  i s  c h a o t i c  and d i f f i c u l t  t o  exp la in .  
The o n l y  r e g i o n  o f  organized sedimentation i s  between 12 and 2 1  cm i n  t h e  
core, The reg ress ion  l i n e  f o r  t h i s  r e g i o n  (equa t ion  10)  i m p l i e s  a 
sed imenta t ion  r a t e  o f  1,06 crnlyr. 
10) I n  AZ = -.031z + 1.42 r = -1.00 
I f  t h i s  r a t e  i s  extended t o  t h e  sedirr~ent su r f ace  t h e  2 1  cm l e v e l  can be 
dated a t  1957. The t r u e  d a t e  of  format ion o f  t h e  l a k e  i s  1965. It i s  
1  i k e l y  t h a t  r e c e n t  c o n s t r u c t i o n  a c t i v i t i e s  (C rocke t t  and Beimers 1981) a t  
t h e  F inger  Lakes S t a t e  Park s i t e  have a l t e r e d  t h e  lead-210 f l u x e s  t o  t h e  
1  ake, 
The Bass l a k e  lead-210 diagrarn i s  n e a r l y  as d i f f i c u l t  t o  i n t e r p r e t  as 
t h e  one f o r  Sumi lake. It shows an organized sed imenta t ion  p a t t e r n  ove r  t h e  
depth range 7  t o  15 cm. The l i n e a r  r eg ress ion  l i n e  (Equat ion 11) f o r  t h i s  
p o r t i o n  o f  t h e  lead-210 curve  imp1 i e s  a  sedimentat ion r a t e  o f  .46f cmlyr.  
The c h a o t i c  lead-210 data p o i n t s  below 19 crr~ p robab ly  r ep resen t  
slumping a f t e r  m in ing  ceased. 
Gobp i le  l a k e  a1 so has a  troublesome 1  ead-210 curve.  Only t h e  r e g i o n  
below 35 cm forms a  s u i  tab1 e  regress io r l  1  i n e  (Equat ion 12).  
Again, however, t h e  p o i n t s  show a  h i g h  var iance  making t h e  e r r o r  of 
t h e  es t imated  sedimentat ion r a t e  ve ry  high, 
F i n a l l y ,  Moron i ' s  B i g  P i t  shows a  r e a d i l y  i n t e r p r e t a b l e  lead-2l .n curve. 
Above 8  c ~ i  t h e  sedimentat ion r a t e  was r e l a t i v e l y  s low ).22 5 .13 cm/yr Equat ion 
13). 
Between 10 and 26 cm t h e  sedimentat ion r a t e  was f a s t e r  (1,06 + .54 
cmlyr,  Equation 14). 
Be low tha t  l e v e l  any regress ion  l i n e  would be o f  very  low o r  0 s lope 
i n d i c a t i n g  t h e  presence o f  a post-mining slump, 
It i s  ev ident  f rom t h e  data presented here t h a t  lead-210 ana l ys i s  can 
be used t o  es t imate  sediment accumulation r a t e s  i n  sur face  mine lakes  b u t  
t h a t  t h e  da ta  must be t r e a t e d  w i t h  caut ion. The h i g h l y  d i s tu rbed  watersheds 
o f  these lakes  mean t h a t  they w i l l  seldom f i t  t h e  s imple model o f  lead-210 
accumulat ion presented a t  t h e  beginning o f  t h i s  sect ion.  
3.2 Diatoms 
Diatorn remains i n  l a k e  sediment have l ong  been used as i n d i c a t o r s  o f  
l a k e  water  qua1 i t y .  It seems l o g i c a l  t h a t  t h e y  should  a l s o  be i n d i c a t o r s  
of r ecove ry  i n  s u r f a c e  mine lakes.  Be fo re  examining t h e  d ia tom m i c r o f o s s i l s  
found  i n  sur face mine sediment, i t  i s  f i r s t  necessary t o  i d e n t i f y  which 
spec ies a r e  i n d i c a t o r s  o f  t h e  a c i d i c  c o n d i t i o n s  p reva len t  i n  some mine 
l a k e s  and which a r e  i n d i c a t i v e  o f  l a k e  recovery .  S u r f i c i a l  sediment samples 
from 54 l a k e s  of known pH were analysed t o  de te rmine  i f  p a r t i c u l a r  spec ies of 
f o s s i l  d ia tom a r e  assoc ia ted  w i t h  p a r t i c u l a r  pH va lues  o f  o v e r l y i n g  water.  
Presumably, t h e  su r f ace  sampl es r ep resen t  r e c e n t l y  depos i t ed  sediment t h a t  
c o n t a i n s  a  f o s s i l  d ia tom assemblage which rep resen t s  t h e  f l o r a  c u r r e n t l y  
i n h a b i t i n g  t h e  lake.  
F i g u r e  9  shows t h e  r e l a t i o n s h i p  between s i x  r e p r e s e n t a t i v e  d ia tom 
spec ies  and 1  ake pH. It i s  apparent  t h a t  t l i e  spec ies Pinnularia biceps,  
E'rustulia rhomboides, and t h e  genus Eunotia a r e  most abundant i n  low pH 
lakes,  It i s  s t r i k i n g  t h a t  d ia tom remains a r e  found even i n  exceed ing ly  
a c i d  lakes.  An argument m igh t  be made t h a t  t hese  spec ies cou ld  n o t  s u r v i v e  
i n  t hese  1  akes b u t  were washed i n  f rom more a1 ka l  i n e  environments around 
t h e  lake .  Young's (1976) work shows, however, t h a t  a  d i s t i n c t i v e  d ia tom 
f l o r a  can grow and reproduce i n  even t h e  most a c i d i c  su r f ace  mine l a k e s  
sugges t ing  t h a t  t h e  f o s s i l  assemblages found i n  t h e  a c i d  l a k e s  o f  t h i s  
s t udy  rep resen t  remains of i n d i v i d u a l s  t h a t  a c t u a l l y  l i v e d  i n  t h e  lakes.  
F i g u r e  9 a l s o  shows t h a t  t h e  spec ies Gyrosigma acuminatwn, Mastogloia 
smi th i i  and Rhapalodia gibba a r e  assoc ia ted  w i t h  a1 ka l  i n e  lakes.  
F i g u r e  10 p resen ts  a  more complete d e s c r i p t i o n  o f  t h e  r e l a t i o n s h i p  
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between d ia tor r~ spec ies and l a k e  wate r  pH, It i s  apparent  aga in  t h a t  par -  
t i c u l a r  spec ies a r e  assoc ia ted  w i t h  a c i d i c  cond i t i ons .  These a c i d o p h i l i c  
t axa  o n l y  occur  i n  l a r g e  numbers a t  pH's l owe r  than  5.0. I n  some a c i d  l akes  
one o r  ano ther  o f  t hese  spec ies may f o rm  a  ma jo r  p o r t i o n  o f  t h e  f o s s i l  assem- 
b l  age. 
I h  c o n t r a s t  t o  t h e  a c i d i c  lakes ,  t h e  h i g h e r  pH l a k e s  (6.0 and above) 
have a  h i gh  d i v e r s i t y  o f  f o s s i l  diatoms. I n  t h e  h i g h e r  pH l a k e s  p a r t i c u l a r  
spec ies do n o t  dominate t h e  f o s s i l  assemblages t o  t h e  e x t e n t  t h a t  i n d i v i d u a l  
a c i d o p h i l i c  spec ies do i n  t h e  a c i d  lakes.  F i g u r e  10 does n o t  show a l l  o f  
t h e  spec ies  t h a t  a r e  found i n  t h e  sediment o f  t h e  a l k a l i n e  l a k e s  -- o n l y  t h e  
most abundant ones. 
F i g u r e  10 a l s o  shows a  p e c u l i a r i t y  o f  su r f ace  rnine l a k e  wa te r  qua1 i t y  
t h a t  has been noted by p rev ious  i n v e s t i g a t o r s  (K ing  e t  uZ. 1974). There a r e  
few l a k e s  whose pH f a 1  1  s  i n  t h e  range o f  4.5 t o  6.0. Because t h e  l a k e s  can 
be d i v i d e d  i n t o  two popu la t ions  on t h e  b a s i s  o f  pH, i n t e r p r e t a t i o n s  of 
d ia tom m i c r o f o s s i l s  a r e  compl icated. K ing e t  aZo (1974) have argued t h a t  
t h e  two s t a t i s t i c a l  popu la t i ons  o f  l a k e s  a r e  caused by  d i f f e r e n c e s  i n  t h e  
b u f f e r  systems c o n t r o l 1  i n g  pH. I n  t h e  rrlore a c i d  l a k e s  t h e  pH i s  c o n t r o l l e d  
by t h e  h y d r a t i o n  o f  Al+++ whereas i n  t h e  more a1 ka l  i n e  l a k e s  i t  i s  c o n t r o l l e d  
by b icarbonate.  I n  t h e  pH range 4.5 t o  6.0 t h e r e  i s  no e f f i c i e n t  b u f f e r  
system i n  t hese  lakes. 
The d ia tom spec ies composi t ion seems t o  r e f l e c t  t h e  d i f f e r e n c e s  i n  
dominant b u f f e r  system w i t h  a c i d - i n d i c a t i n g  spec ies be ing  abundant i n  pH 
ranges were t h e  Al+++ b u f f e r  system dominates and a l k a l i n e  i n d i c a t i n g  ones 
where t h e  b i ca rbona te  system dominates. 
Hus ted t ' s  (1939) system f o r  summarizing t h e  pH p re fe rences  o f  d ia toms 
i s  he1 p f u l  i n  i n t e r p r e t i r ~ g  t h e  f o s s i l  d ia tom assemblages found i n  sur face 
mine lakes .  He ass igned each spec ies  he encountered t o  a  c a t e g o r y  de- 
pending upon t h e  c o n d i t i o n  under wh ich  he found it. The c a t e g o r i e s  and pH 
ranges a r e  ( M e r i l a i n e n  1967): 
A c i d o b i o n t i c :  o c c u r r i n g  a t  pH<7 optimum pH <or=  5.5 
A c i d o p h i l i c :  o c c u r r i n g  a t  pH=7 b u t  w i d e s t  d i s t r i b u t i o n  a t  pN7.0  
I n d i f f e r e n t :  o c c u r r i n g  around pH=7.0 
A1 k a l  i p h i l  i c :  o c c u r r i n g  a t  pH=7.0 b u t  w i d e s t  d i s t r i b u t i o n  a t  pH>7.0 
A1 ka l  i b i o n t i c :  o c c u r r i n g  a t  pH>7.0 
Working w i t h  m i c r o f o s s i l s  i n  sediment Nygaard (1956) dev ised  t h e  "a lpha 
index"  wh ich  q u a n t i f i e s  H u s t e d t ' s  pH scheme. The a lpha  i n d e x  i s  c a l c u l a t e d  
by m u l t i p l y i n g  t h e  sum of percentages o f  a c i d o b i o n t i c  t a x a  by f i v e  and 
add ing  t n e  sum of  percentages o f  a c i d o p h i l  i c  taxa.  T h i s  nurr~ber i s  then  
d i v i d e d  by 5  t i m e s  t h e  surn of a l k a l i b i o n i t i c  t a x a  p l u s  t h e  sum o f  a l k a l i p h i -  
l o u s  taxa.  It i s  e v i d e n t  from f i g u r e  11 t h a t  t h e  a c i d i c  s u r f a c e  mine l a k e s  
a r e  c h a r a c t e r i z e d  by h i g h  p o s i t i v e  a l p h a  i n d i c e s .  As w i t h  t h e  d i a t o m  spe- 
c i e s  presented on f i g u r e  10 t h e  change between d i f f e r e n t  1  e v e l s  o f  t h e  a1 pha 
index  comes a t  pH 4.5 t o  6.0. 
I n v e s t i g a t o r s  o f  a c i d  l a k e s  ( M e r i l a i n e n  1967; Gal loway and Schof i e l  d  
1977; D e l P r e t e  and S c h o f i e l d  1981; Nor ton  e t  a l ,  1981) have found  a  s t r o n g  
r e l a t i o n s h i p  between t h e  l o g  of a lpha  and l a k e  pH. The r e l a t i o n s h i p s  were 
so s t r o n g  i n  t h e  l a k e s  s t u d i e d  by o t h e r s  t h a t  p a s t  l a k e  pH c o u l d  be r e -  
c o n s t r u c t e d  by u s i n g  an equa t ion  d e r i v e d  by 1  i n e a r  reg ress ion .  U n f o r t u n a t e l y ,  
i n  t h e  s u r f a c e  mine l a k e  s t u d i e d  h e r e  t h e  r e l a t i o n s h i p  between pH and a lpha  
i s  t o o  poor  ( r  = -.C4) t o  i n f e r  pH d i r e c t l y  ( f i g  121, I t  i s  e v i d e n t  from 
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f i g u r e  12 t h a t  t h e  a1 pha index d i f f e r e n t i a t e s  between alumir~urr~ b u f f e r e d  
l akes  and carbonate bu f f e red  ones. I n  genera l ,  t h e  former  have pH <4,5 and 
l o g  a1 pha >O and t h e  l a t e r  have pH >6.0 and l o g  a1 pha <O. The d i f f e r e n c e  
i n  a lpha was t e s t e d  us ing  t h e  t t e s t  and found t o  be s t a t i s t i c a l l y  s i g -  
n i f i c a n t  ( t =  -3.58,p=,001). Thus t h e  a lpha index can be used t o  d i f f e r e n -  
t i a t e  between 1  akes h e a v i l y  i n f l uenced  by a c i d  mine d ra inage  and those t h a t  
have n e u t r a l  ized. 
For t h e  20 l akes  f rom which we have cores i t  i s  p o s s i b l e  t o  use t h e  
sur face samples t o  determine i f  t h e  l akes  have n e u t r a l  i zed  w i t h  t ime. Sam- 
p l e s  from t h e  c o r e  tops  and bottoms were examined f o r  each core. The co re  
top, 1  i ke a  su r f ace  sediment sampl es rep resen ts  r e c e n t l y  depos i ted  d ia tom 
remains whose spec ies composi t ion i s  c o n t r o l l e d  by modern wate r  q u a l i t y .  
L ikewise, t h e  co re  bottorr~ sarnpl es were depos i ted  j u s t  a f t e r  r r ~ i n i r ~ g  ceased 
and were c o r ~ t r o l l  ed by t h e  e r~v i ro r lmer~ ta l  c o n d i t i o n s  p r e v a i l  i r ~ g  a t  t h a t  t ime. 
If a p a r t i c u l a r  l a k e  neu t ra l i zed ,  then  t h e  c o r e  bottom samples should have 
h i g h  percentages o f  a c i d  i n d i c a t i n g  species,  b u t  t h e  c o r e  t o p  should have low 
percentages. 
F i g u r e  13 i s  a  h is togram comparing c o r e  bottoms (unshaded r e c t a n g l  es )  
w i t h  c o r e  tops  (shaded rec tang les )  i n  t h e  20 l akes  f r om which c o r e  samples 
a r e  a v a i l a b l e .  The s t a r r e d  samples a r e  those  i n  which t h e  percentages o f  
a c i d - i n d i c a t i n g  spec ies i s  h i ghe r  i n  t h e  c o r e  bottom than  i n  t h e  c o r e  top, 
Thus 9 o f  t h e  20 l akes  have n e u t r a l i z e d  a t  some p o i n t  i n  t h e i r  post -min ing 
h i s t o r y .  I n  Gobpi le  l a k e  ( i n d i c a t e d  by t h e  so l  i d  s t a r )  t h e  expected pro- 
g ress ion  i s  reversed and t h e  c o r e  t o p  has h i ghe r  percentages o f  a c i d  spec ies 
than t h e  c o r e  bottom suggest ing t h a t  Gobp i le  l a k e  has a c i d i f i e d  w i t h  t ime. 
The l akes  w i t h  double s t a r s  have s i g n i f i c a n t  percentages o f  a c i d - i n d i c a t i n g  
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F i g u r e  14: Graph o f  d i a t o m  assemblages vs .  d e p t h  i n  t h e  
Wesseln Lake c o r e  
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t h e  Be1 1  e v i l  1  e - M i l l  s t a d t  s tudy  area near M i l  1  s tad t .  The h i g h  percentages 
o f  Pinnularia b i ceps  f rom 4 1  t o  11 cm i n  t h e  co re  suppor t  t h e  argument t h a t  
t h i s  l a k e  was s t r o n g l y  a c i d i c  f o r  a  l o n g  pe r i od  o f  i t s  h i s t o r y .  A l k a l i n e  
spec ies o n l y  ga in  abundance a t  10 crrl when P. biceps i s  reduced t o  l ow  per-  
centages. 
Nitzschia ignorata i s  a  p rob l  errlat ical species a t  Linden 1  ake because 
i t s  pH preferences a r e  unknown. For t h i s  reason t h e  p l o t  o f  t h e  a lpha i n -  
dex (F ig .  17) i n d i c a t e s  t h a t  t h e  l a k e  n e u t r a l i z e d  a t  t h e  t i m e  t h e  15 cm 
l e v e l  was depos i ted  -- n o t  a  10 cm. 
SUI I I~  l a k e  (F ig .  18) f rom t h e  F inge r  Lakes S t a t e  Park s i t e  i n  M issou r i  
a l so  shows s t rong  evidence o f  n e u t r a l i z a t i o n .  I n  f i g u r e  19 t h e  species 
a r e  grouped accord ing  t o  known pH preferences. As a t  Linden l a k e  n e u t r a l i -  
z a t i o n  occur red  l a t e  ( a t  t h e  7  cm l e v e l  i n  t h e  c o r e )  and r e s u l t e d  i n  a  s h i f t  
f rom d  ia tom assembl ages dorr~i n a t  ed by Pinnularia biceps,  - - Achnanthes 
minutissima, and Surr i re l la  robusta. O f  these  species o n l y  P. biceps i s  
known t o  be an a c i d - i n d i c a t i n g  spec ies f rom t h e  work o f  o t h e r  i n v e s t i g a t o r s  
(summarized by Lowe 1974), Achnanthes minutissima i s  n o t  known as a  par-  
t i c u l a r l y  a c i d o p h i l i c  taxon b u t  Young (1976) found i t  t o  grow v i g o r o u s l y  
on microscope s l  i d e s  suspended i n  a c i d i c  mine lakes. A t  7  cm known a1 ka l  i ne -  
i n d i c a t i n g  spec ies l i k e  Rhopalodia gibba appear f o r  t h e  f i r s t  t i m e  i n  t h e  
core. A t  Surr~i l a k e  t h e  a lpha index (F ig .  19) becomes n e g a t i v e  below 7  cm 
i n d i c a t i n g  n e u t r a l i z a t i o n  i n  t h e  r e c e n t  past. 
Bass l a k e  (F ig .  20)  f rom t h e  Patoka s i t e  a l s o  shows t h e  n e u t r a l i z a t i o n  
process. Here Pinnularia b i c q s ,  Exnotia spp. (p robab ly  Eunotia exigug) 
and Anhnunthes minutissima a r e  rep laced  by a  s u i t e  o f  a1 k a l i n e - i n d i c a t i n g  
spec ies a t  12 cm depth. A t  Bass l a k e  t h e  a lpha index (F ig ,  21)  a l s o  t u r n s  
SUM1 LAKE 
PERCENT ABUNDANCE 
t = Less Than 1.0 % 
F igu re  18: Graph o f  d ia tom assemblages vs. depth i n  t h e  Sumi Lake core  
( h o r i z o n t a l  1  i n e  i n d i c a t e s  n e u t r a l  i z a t i o n  ho r i zon )  
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F igu re  20: Graph of d ia tom assemblages vs.  depth 
i n  t h e  Bass Lake core ( 1  i n e  i n d i c a t e s  
n e u t r a l  i z a t i o n  ho r i zon )  
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F i g u r e  21: Graph o f  l o g  a lpha vs.  depth i n  t h e  
Bass Lake co re  
nega t i ve  below 12 cm i n d i c a t i n g  n e u t r a l i z a t i o n .  
Gobpi le  l a k e  (Fig.  22) f rom t h e  B e l l e v i l l e - M i l l s t a d t  s i t e  seems t o  
have behaved i n  a  way oppos i t e  f rom t h e  o t h e r  l akes  presented here. Be- 
tween 15 and 20 cm t h e  a l k a l i n e - i n d i c a t i n g  species a r e  rep laced  by ac id -  
i n d i c a t i n g  ones suggest ing t h a t  su r face  mine l a k e s  need n o t  always n e u t r a l i z e  
w i t h  t ime. I n  some cases they  may become more ac id .  The a1 pha index 
suppor ts  t h i s  i n t e r p r e t a t i o n  (F ig .  23) because i t  becomes p o s i t i v e  o n l y  a t  
20 cm. 
Using t h e  da ta  f rom d ia tom m i c r o f o s s i l s  i n  t h e  cores i t  i s  p o s s i b l e  
t o  r e c o n s t r u c t  t h e  dates o f  pH change i n  su r f ace  mine lakes.  Table 2  pre- 
sents  t h e  da ta  used i n  t h i s  r econs t ruc t i on ,  The l e v e l  i n  t h e  cores a t  which 
a c i d  i n d i c a t i n g  diatoms were rep laced  by a1 ka l  i r ~ e  i n d i c a t i n g  ones was 
taken f r o v  1  ead-210 data. The sedimentat ion r a t e  a1 lowed t h e  de te rm ina t i on  
of t h e  age o f  t h e  sediment l e v e l  a t  which t h e  pH of a  p a r t i c u l a r  l a k e  changed. 
Th i s  d a t e  i s  t a b l e d  under t h e  column "Date o f  pH Change" on Table 2. I n -  
c luded  w i t h  t h i s  va l  ue a r e  t h e  conf idence 1  i m i t s  on t h e  d a t e  c a l c u l a t e d  f rom 
t h e  con f idence  l i m i t s  on t h e  sedimentat ion r a t e  de te rmina t ion .  The da te  
o f  f o rma t i on  on Tab1 e  2  i s  t h e  known d a t e  when m in ing  ceased (except  i n  
t h e  case o f  Linden l a k e  where t h e  da te  was i n f e r r e d  f r om lead-210 data) .  
It i s  apparent  t h a t  l akes  do n o t  n e u t r a l i z e  a t  t h e  same age. For example, 
Wesseln l a k e  n e u t r a l  i z e d  ve ry  q u i c k l y  whereas Linden 1  ake t ook  14 years  t o  
n e u t r a l i z e ,  Gobp i le  l a k e  i s  a  spec ia l  case because i t  a c i d i f i e d  r a t h e r  than 
n e u t r a l  i z e d  about  14 years ago. 
Problems e x i s t  w i t h  t h i s  l i n e  o f  reasoning because i n  many su r f ace  
mine l a k e s  lead-210 curves may be e r r a t i c  so t h a t  con f idence  l i m i t s  asso- 
c i a t e d  w i t h  sedimentat ion r a t e s  may be la rge .  An a l t e r n a t i v e  method of 
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Table 2 Dates o f  pH change i n  f i v e  su r f ace  mine l a k e s  
Level o f  pH Pb-210 Sedimentat ion Date o f  pH Date o f  
Lake change (cm) Rate cm/yr change ( range)  Format ion 
Wesseln 33 .99 + .52 1947 ' (1910-1958) 1945 
Linden 10 .49 + .08 1959 (1955-1962) 1936+ 
Sumi 7 .96 + .63 1974 (1956-1977) 1965 
Bass 12 .43 + .10 1953 (1944-1958) 1950 
Gobpi le  15 1.46 + .96 1969 (1950-1973) Unknown 
+ Determined f r om Pb-210 
Cal c u l  a- 
Date o f  Deepest Layer Depth o f  Ca lcu la ted  pH t e d  Sedimen- 
Lake Format ion w i t h  Diatoms (cm) change d a t e  o f  change t a t i o n  Rate 
Wessel n 1945 37 
Linden 1936 4 1 
Sur~ii 1965 25 
Bass 1950 2 0 
Gobpi 1 e Ur~knowr~ 2 4 
33 1949 1.06 
10 197 1 1.17 
7 1977 1.56 
12 1962 .65 
15 Unknown Unknown 
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Chemical concen t ra t  i ons  should, i n  theory ,  be good i n d i c a t o r s  o f  n e u t r a l  i- 
za t i on .  Another reason f o r  s t udy ing  t h e  chemical compos i t i on  of sur face 
n i n e  l a k e  sediment i s  t h e  p o t e n t i a l i t y  f o r  heavy metal  con tamina t ion  asso- 
c i a t e d  w i t h  a c i d  mine drainage. F i n a l l y ,  c e r t a i n  chemical  elements l i k e  
s u l f u r  a r e  expected t o  p l a y  a  r o l e  i n  l a k e  n e u t r a l  i z a t i o n .  
Wi th  chemical  elements, as w i t h  t h e  d ia tom species,  i t  i s  f i r s t  necessary 
t o  de te rmine  i f  abundances can be r e l a t e d  t o  t h e  pH o f  t h e  l a k e  su r f ace  
water.  The s i m p l e s t  way t o  make t h i s  comparison i s  t o  c a l c u l a t e  c o r r e l a t i o n  
c o e f f i c i e n t s  between element concen t ra t i ons  and su r f ace  wate r  pH. Table  3  
shows t h e  r e s u l t s  o f  such a  c a l c u l a t i o n  f o r  a  s e r i e s  o f  su r f ace  sediment 
samples f rom su r f ace  mine 1  akes. Two c o r r e l a t i o n  c o e f f i c i e n t s  a r e  p rov ided  
on t h e  tab1 e. The f i r s t  i s  t h e  f a m i l  i a r  Pearson Product  Moment C o e f f i c i e n t  
( r )  which assumes a  1  i n e a r  r e l a t i o n s h i p  between va r i ab l es .  The second i s  
t h e  Spearman Rank C o r r e l a t i o n  C o e f f i c i e n t  ( r s )  which has no c o n s t r a i n t  o f  
l i n e a r i t y .  Using t h e  Pearson C o e f f i c i e n t  o n l y  phosphorus shows any r e l a -  
t i o n s h i p  w i t h  pH and t h a t  i s  negat ive.  W i t h  t h e  Spearman C o e f f i c i e n t  more 
r e l a t i o n s h i p s  a r e  revealed.  H i g h l y  s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n s  were 
found  between pH and Mn, Fe, and N i  b u t  t h e  abso lu te  va lues  of t hese  co- 
e f f i c i e n t s  i s  low i n d i c a t i n g  t h a t  t h e  c o r r e l a t i o n s  a r e  n o t  p a r t i c u l a r l y  s t rong .  
The elements showing t h e  s t r onges t  c o r r e l a t i o n s  w i t h  pH a r e  p l o t t e d  
a g a i n s t  pH i n  f i g u r e  23. T h i s  f i g u r e  shor~s t h a t  t h e  r e l a t i o n s h i p s  between 
t h e  elements and pH i s  c u r v i l i n e a r  and o f  h i g h  va r i ance  sugges t ing  t h a c  
chemical concen t ra t i ons  i n  t h e  sediment m igh t  be i n d i c a t o r s  o f  p a s t  l a k e  
pH b u t  t h a t  they  w i l l  be l e s s  re1  i a b l e  than  d ia tom m i c r o f o s s i l  s. 
A t e s t  o f  t h e  hypothes is  t h a t  l a k e  pH w i l l  be r e f l e c t e d  i n  sediment 
chem is t r y  can be made us i ng  cores  from l a k e s  where t h e  d ia tom m i c r o f o s s i l s  
Tab1 e 3 C o r r e l a t i o n s  between pH and e l  emental concen t ra t ions  o f  sediment 
su r f ace  sampl es 
Pearson Sig. Sig. Number o f  
Element Coeff .  ( r )  Level Spearmann coe f f .  ( r s )  Level Samples 
Table 4 C o r r e l a t i o n s  between S, Ca and elemental  Concentrat ions o f  
Sediment Surface Samples 
Pearson Sig. Ii~rmber o f  Pearson Sig. Number o f  
El ement Coeff .  ( r  ) Level Sampl es Coeff .  ( r )  Level Sampl es 

i n d i c a t e  t h a t  n e u t r a l i z a t i o n  has occurred. Looking a t  one l a k e  as i t  
changes over  t i m e  has c e r t a i n  advantages t o  l o o k i n g  a t  many d i f f e r e n t  l akes  
of d i f f e r i n g  pH and watershed r o c k  type, because t h e  c l ien i is t ry  o f  t h e  rocks  
i n  t h e  surrounding watershed can be he ld  cons tan t  (Nor ton e t  a l .  1981). 
F igures 25 t o  28 show concent ra t ions  o f  va r i ous  chemical c o n s t i t u e n t s  
found i n  cores f rom Wesseln, Linden, Sumi, and Bass l akes  r e s p e c t i v e l y .  The 
d ia tom da ta  i n d i c a t e t h a t t h e s e  l akes  were a c i d  when formed and t l ien neu t ra -  
l i z e d .  I n  c o n t r a s t  t o  these  lakes,  F i gu re  29 shor~s s i m i l a r  data f o r  Gobpi le  
lake ,  a  l a k e  which, as mentioned e a r l i e r ,  was n e u t r a l  when formed and then  
became ac id .  On f i g u r e s  25 t o  27 t h e  change i n  pH i s  marked as a l i n e  
p laced a t  t h e  depth were d ia tom da ta  i n d i c a t e  t h a t  n e u t r a l  i z a t i o n  occurred. 
Care must be taken when these da ta  a r e  examined because i n  a d d i t i o n  
t o  t h e  change i n  sedimentat ion regime a t  t h e  t i m e  when r e a d i l y  erodable 
m a t e r i a l s  ceased f a l l i n g  i n t o  t h e  l a k e  f rom t h e  surrounding unvegetated 
landscape. Th is  pe r i od  o f  "post -min ing slumping" i s  f o l l owed  by a niore 
normal 1  a c u s t r i n e  sedimentary regime and i s  e v i d e n t  f r om 1 ead-210 data.  
The d ia tom da ta  can be used t o  c o n f i r m  t h e  i d e n t i f i c a t i o n  o f  t h e  post -  
m in ing  slump because t h e  slumped m a t e r i a l  con ta ins  ve ry  few d ia tom micro-  
f o s s i l s .  I n  f i g u r e s  25 t o  29 t h e  beginn ing o f  l a c u s t r i n e  sed imenta t ion  i s  
i n d i c a t e d  by a l i n e  marked " l a c u s t r i n e  hor izon" .  
The Linden l a k e  sediment chemis t ry  diagram sliows sediment f r om t h e  
l a c u s t r i n e  phase only .  No slumped m a t e r i a l  was analysed. There seems t o  
be l i t t l e  change i n  chemical c o n s t i t u e n t s  t h a t  can be assoc ia ted  w i t h  l a k e  
n e u t r a l i z a t i o n  hor izon. A l l  o f  t h e  major  changes i n  sediment cl iemical com- 
p o s i t i o n  occur  a t  20 cm. -- b e f o r e  t h e  n e u t r a l i z a t i o n  ho r i zon  a t  9  cm. 
A t  20 cm t h e r e  a r e  increases i n  Fe, S", Zn and Cu. 
Figure  25 :  Graph of chemical composi t ion vs. 
sediment depth i n  t h e  Wesseln Lake core  
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Figure 28: Graph of chemical composition vs. sediment 
depth in the Bass Lake core 
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Figure 31: Results of the fractionation experiment from Bethel Lake 
t o t a l  Pb). When ammoni~~m a c e t a t e  1  each was appl  i e d  d i r e c t l y  t o  raw sed i -  
ment, Ca was r e a d i l y  l o s t  suggest ing t h a t  .1 N HC1 removes some ammonium 
a c e t a t e  leachab le  Ca. When t h e  same samples a r e  analysed f o r  Pb t h e  ammonium 
leach  f o l l o w s  .1 N HC1 imp l y i ng  t h a t  t h e  d i l u t e  a c i d  leachab le  f r a c t i o n  
o f  Pb i s  d i f f e r e n t  f rom t h e  ammonium a c e t a t e  leachab le  one. The o t h e r  e l e -  
ments a r e  mob i l i zed  ve ry  l i t t l e  o r  n o t  a t  a l l  by ammonium. It i s  ev iden t  
t h a t  f o r  most elements s tud ied  major f r a c t i o n s  e x i s t  i n  a  fo rm t h a t  i s  mo- 
b i l  i z e d  o n l y  by h o t  6N HC1. C r  i s  p a r t i c u l a r l y  notewor thy i n  t h i s  respect .  
The s i g n i f i c a n c e  o f  t h e  Bethel  l a k e  f r a c t i o n a t i o n  r e s u l t s  i s  i n  t h e  
d i scove ry  t h a t  i ons  a r e  he ld  i n  t h e  sediment i n  e a s i l y  leachable,  weakly 
bound fo rm and i n  a  s t r o n g l y  bound f o rm  t h a t  r e q u i r e s  a  concen t ra ted  a c i d  
t rea tment  f o r  removal, The s t r o n g l y  bound f r a c t i o n  o f  t h e  t o t a l  e lemental  
con ten t  i s  a  g r e a t e r  percentage o f  t h e  t o t a l  concen t ra t i on  f o r  most metals.  
The o n l y  except ions t o  t h i s  general  i z a t i o n  a r e  Mn and Ca. 
It i s  p o s s i b l e  t o  hypot t ies ize t h a t  t h e  d i l u t e  a c i d  l eachab le  f r a c t i o n  
of t h e  Bethel  l a k e  sediment i s  a c i d  s o l u b l e  metal s u l f i d e s  and carbonates. 
A t e s t  o f  t h i s  hypothes is  i s  t o  compare t h e  mo la r  concen t ra t ions  o f  t h e  
dominant c a t i o n s  1  i k e l y  t o  form a  metal  s u l f i d e  w i t h  t h e  mo la r  concentra- 
t i o n  o f  s u l f i d e  i n  t h e  sediment. F i gu re  32 presents  such a  comparison f o r  
Fe i n  t h e  Bethel  c o r e  us ing  t h e  r e s u l t s  f r om t h e  .1 N HC1 l eac l i  and t h e  
6 N HC1 leach. Table 6 presents  t h e  parameters f o r  t h e  reg ress ion  l i n e s .  
A r eg ress ion  c o e f f i c i e n t  near  1.0 i m p l i e s  t h a t  t h e  dominant sediment spec ies 
i s  FeS. The f a c t  t h a t  t l i e  equat ions f o r  bo th  o f  t h e  l i n e s  a r e  n e a r l y  
i d e n t i c a l  except f o r  t h e  Y i n t e r c e p t  imp1 i e s  t h a t  t h e  concen t ra t i on  of FeS 
i s  "superimposed" upon a  background l e v e l  o f  Fe t h a t  i s  more s t r o n g l y  
bound t o  sediment p a r t i c u l a t e s .  Thus t h e  weak a c i d  leachab le  f r a c t i o n  of 
Fe i s  probably  FeS and t h e  remain ing s t r o n g l y  bound f r a c t i o n  of 
Moles  of S Per gm D r y  Weight 
F i g u r e  32: Comparisons between rnol a r  c o n c e n t r a t i o n s  
o f  meta ls  and mo la r  c o n c e n t r a t i o n s  o f  
s u l f i d e  i n  Be the l  Lake sediment 
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Fe w h i c h  i s  o n l y  m o b i l i z e d  by  h o t  6N HC1 i s  bound t o  c l a y s .  
When t h e  same a n a l y s i s  i s  app l  i e d  t o  Mn, a n o t h e r  c a t i o n  t h a t  i s  
s t r o n g l y  1  eached by  .1 N HC1, t h e  r e s u l t s  a r e  v e r y  d i f f e r e n t  (F ig .  32 and 
Tab le  6 ) .  For t h i s  e lement t h e  c o r r e l a t i o n s  w i t h  s u l f i d e  a r e  much worse 
t h a n  f o r  Fe. A  1  i k e l y  reason f o r  t h i s  i s  t h a t  s u l f i d e  i s  m a i n l y  h e l d  i n  
t h e  sediment as  FeS. The s u l f i d e - f o r m i n g  c a t i o n s  l i k e  Mn, Zn, Cu, Pb, Cd 
and M i  wh ich a r e  p r e s e q t  i n  l o w e r  c o n c e n t r a t i o n s  t h a n  Fe do n o t  appear t o  
c o n t r o l  s u l  f i d e  d e p o s i t i o n  and r e t e n t i o n  b u t  e x i s t  as  "con taminan ts "  i n  
what m i g h t  be  cons ide red  an FeS p r e c i p i t a t e .  
Ca lc ium p r e s e n t s  a  d i f f e r e n t  prob lem f r o m  t h e  m e t a l s  t h a t  f o r m  s u l f i d e s  
because i t  does n o t  f o r m  a  s t a b l e  s u l f i d e  under  n a t u r a l  c o n d i t i o n s .  It i s  
1  i k e l y  t o  be  h e l d  i n  t h e  sediment as an a c i d  s o l u b l e  c a r b o n a t e  r a t h e r  t h a n  
as a  s u l f i d e .  Many a l k a l i n e  s u r f a c e  mine l a k e s  c o n t a i n  t h e  macrophy t i c  a l g a  
Chara (Kon ik  1980). T h i s  p l a n t  p r e f e r s  l a k e s  h i g h  i n  Ca (Hu tch inson  1975) 
and p r e c i p i t a t e s  CaCOj on i t s  su r faces .  T h i s  p r e c i p i t a t e d  c a r b o n a t e  i s  
u l t i m a t e l y  d e p o s i t e d  i n  t h e  l a k e  sediment. 
The r e s u l t s  o f  t h e  f r a c t i o n a t i o n  o f  chemical  e lements  i n  a c i d  l a k e  s e d i -  
ments c o n t r a s t  s h a r p l y  w i t h  t h o s e  f r o m  Be the l  l ake .  The r e s u l t s  p resen ted  
i n  F i g u r e  33 r e p r e s e n t  means o f  d a t a  f r o m  f o u r  samples t a k e n  from G o b p i l e  
l a k e  i n  t h e  B e l l e v i l l e - M i l l s t a d t  s t u d y  area.  The f i g u r e  shows t h a t  excep t  
f o r  Cd, Cu and perhaps Ca t h e r e  i s  no weak ly  bound i o n i c  f r a c t i o n .  A l l  
a r e  s t r o n g l y  bound t o  t h e  sediment t o  be r e l e a s e d  o n l y  b y  h o t  6  N  HC1. 
Two samples o f  weathered mine s p o i l  f r o m  t h e  s h o r e  o f  Gobpi l  e  l a k e  
were s u b j e c t e d  t o  chemical  f r a c t i o n a t i o n .  ( F i g .  34) .  S u r p r i s i n g l y ,  a  
number o f  c a t i o n s  were removed f r o m  t h e  s p o i l  i n  t h e  .1 N HC1 and t h e  1 N  
ammonium a c e t a t e  leaches.  These i n c l u d e d  Zn, Cu, Mn and Cd. I t  may be 
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TREATMENT NUMBER 
F igu re  33: Resu l ts  o f  t h e  f r a c t i o n a t i o n  exper iment on a c i d  l a k e  
(Bobpi 1  e  Lake) sediment 
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F igu re  34: Resu l ts  o f  t h e  f r a c t i o n a t i o n  exper iment on a c i d  mine wastes 
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t h a t  t h e  s t r o n g l y  a c i d i c  c o n d i t i o n s  w i t h i n  t h e  s p o i l  p i l e  a r e  a c t i v e l y  mo- 
b i l  i z i n g  these  elements and t r ans fo rm ing  them i n t o  e a s i l y  1  eachabl e  form. 
One p o t e n t i a l  environmental  problem assoc ia ted  w i t h  a c i d  mine d ra inage  
i s  t h e  l a r g e  concent ra t ions  of, heavy meta ls  rnobil i z e d  by t h e  s t r ong  a c i d  
(Hood et al. 1979). The resu l  t s  o f  s u r f i c i a l  sedirr~ent analyses from t h e  
l a k e s  s tud ied  here may be compared w i t h  analyses o f  sediment f r o m  o t h e r  
southern I l l i n o i s  l akes  t o  determine i f  concen t ra t i ons  i n  t h e  tiline l a k e s  
a r e  e s p e c i a l l y  h i g h  (Table 7).  Data f o r  o t h e r  I l l i n o i s  s i t e s  a r e  taken 
f rom Dreher et aZ. (1977) who s tud ied  t h e  chemical composi t ion o f  sediments 
i n  t h r e e  southern I l l i n o i s  impoundments una f f ec ted  by coal  min ing,  f rom 
Gibb and Evans (1978) who s tud ied  sediments o f  a1 k a l i n e  mine l a k e s  and 
Hood e t  a2. (1979) who s tud ied  stream sediments above and below mined land. 
Table 7  shows t h a t  a l though i r o n  concent ra t ions  a r e  h i g h  i n  t h e  a c i d  
mine lakes ,  these  h i g h  concent ra t ions  a r e  n o t  h i g h e r  than i n  man-made non- 
mine impoundments. N icke l  va lues  a r e  a1 so e l eva ted  i n  t l i e  l akes  o f  t h i s  
s tudy  i n  comparison w i t h  l akes  and strearns o f  Southern I l l i n o i s ,  b u t  o t h e r  
heavy metal  concen t ra t ions  a r e  n o t  excess i ve l y  h i g h  i n  e i t h e r  t h e  a c i d  o r  
a l k a l i n e  l akes  o f t h i s  study. I t  seems t h a t  l a k e  sediments i n  general  a r e  
s i nks  f o r  metal  ions  and t h a t  surface mine l akes  a r e  no excep t ion  t o  t h i s  
r u l  e. 
The ex i s tence  o f  w e l l  dated sediment cores and l a k e  wate r  concentra-  
t i o n  data a1 lows us t o  c a l c u l a t e  l o s s  r a t e s  o f  va r i ous  chemical elements t o  
t h e  l a k e  sediment. I n  t h i s  r ega rd  s u l f u r  f l l r x  t o  t h e  sediment i s  es- 
p e c i a l  l y  impor tant .  Sch ind le r  et 42 (1980) have suggested t h a t  r e d u c t i o n  
o f  s u l f a t e  t o  s u l f i d e  and t h e  u l t i m a t e  p r e c i p i t a t i o n  o f  s u l f i d e  as metal  
s u l f i d e s  should ame l i o ra te  t h e  impacts o f  s u l f u r i c  a c i d  i n p u t s  t o  lakes.  
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I n  a laboratory experiment Herricks (1982) demonstrated tha t  su l fa te  re- 
duction and precipitation could improve the water quality of acid mine 
drainage. 
In order to  t e s t  the hypothesis that sulfate  reduction and precipita- 
tion plays a major role  in the geochemistry of sulfur in surface mine lakes, 
standing stocks of sulfate  were compared witii the loss r a t e  of sulfur as 
sulfide to the sediment. The standing stock of sulfur was calculated by 
multiplying the lake depth by the sulfur concentration of the surface 
waters in kg/m3 of S. This calculation yielded the standing stock of S 
beneath a square meter of lake surface. The ra t e  of loss to  the sediment 
was cnl culated by mu1 tiplying the sulfide concentration of the surface 
sediment (as  S/cm3) by the sediment accumulation ra t e  ( in  cm/yr) deterrr~ined 
by 1 ead-210 analysis. This figure was converted to S/m2/yr and divided 
by the standing stock of S in the water column t o  yield a fraction of the 
standing stock l o s t  per year. Table 8 presents the resul ts  of these calcu- 
lations.  I t  i s  apparent that  only a small amount of the sulfur present in 
a surface mine lake i s  los t  to  the sediment in a year suggesting tha t  loss 
of sulfur to the sediment i s  only a minor control on lake water quality. 
Such a calculation could be invalidated by various errors. Firs t ,  
the sulfate  concentrations used to estimate standing stocks were only 
taken from the surface of the lake water column. If sulfate  concentrations 
at  depth are lower than those a t  the surface, the calculations would be 
inval idated. A number of f ie ld observations support the use of the surface 
layer su l fa te  concentration in the calculations, however. I h  spring and 
f a l l ,  when the lakes are  thoroughly mixed by the wind, sulfate  concentra- 
tions are  not significantly lower than in summer when the water column i s  
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s t r a t i f i e d .  Furthermore, i f  su r face  l a y e r  s u l f a t e  concen t ra t i ons  were 
s i g n i f i c a n t l y  h i g h e r  than those  a t  depth, t h e  d e n s i t y  d i f f e r e n t i a l  o f  t h e  
wate r  column would mix t h e  layers .  
A second problem w i t h  t h e  sediment budget f o r  s u l f u r  i s  t h a t  s u l f u r  
losses  t o  t h e  sediment m igh t  be overest imated i f  a  s i g n i f i c a n t  f r a c t i o n  
o f  t l i e  s u l f i d e  measured i n  t h e  sediment comes f r om sources o t h e r  than t h e  
wate r  column. An example migh t  be unweathered s u l f i d e  m ine ra l s  s t r o n g l y  
bound t o  t h e  c l a y  f rom which t h e  sediment was formed. For s u l f u r  t h e  
ex i s tence  o f  such a  s t r o n g l y  bound f r a c t i o n  i s  u n l i k e l y  because F i g u r e  
32 shows t h a t  a l l  o f  t h e  s u l f u r  i s  present  as e a s i l y  l eachab le  FeS. 
Phosphorus i n  t h e  l a k e  water  column and sediments can be t r e a t e d  i t 1  
a  s i m i l a r  f ash ion  t o  s u l f u r ,  b u t  t h e  r e s u l t s  a r e  s t r i k i n g l y  d i f f e r e n t .  For 
phosphorus y e a r l y  losses  t o  t h e  sediment a r e  many t imes ( f r o m  n e a r l y  3X t o  
n e a r l y  600X) t h e  s tand ing  stock. It i s  more 1  i k e l y  w i t h  phosptlorus than  
w i t h  s u l f u r  t h a t  t h e r e  i s  a  f r a c t i o n  o f  t h e  element i n  t h e  sediment t h a t  
d i d  n o t  o r i g i n a t e  i n  t h e  wate r  column b u t  which entered t h e  l a k e  t i g h t l y  
a t t ached  t o  c l ays .  F i gu re  31 suggests t h a t  up t o  66% o f  t h e  sediment 
phosphorus may be a l lochthonous.  Even i f  o n l y  10% o f  t h e  sediment pk~os- 
phorus has p r e c i p i t a t e d  f r om t h e  wate r  column i t  would s t i l l  r ep resen t  an 
ex t reme ly  h i g h  r a t e  of  loss .  
When a  s i m i l a r  c a l c u l a t i o n  i s  done f o r  calc ium, i t  i s  found t o  have 
a  r e l a t i v e l y  low l o s s  r a t e  t o  t h e  sediment (Tab le  8). L i k e  phosphorus, 
ca lc ium presen ts  t h e  p rob lemo f  a l lochthonous sources, b u t  i f  o n l y  10% 
were f r om t h e  l a k e  wate r  column, t h e  f r a c t i o n  l o s t  t h e  sediment would be 
s t i l l  sma l l e r  than t h a t  es t imated  f rom t h e  sediment budget. 
4.0 General Discuss ion 
I t  i s  apparent f rom t h i s  research  t h a t  d ia tom m i c r o f o s s i l s  a r e  good 
i n d i c a t o r s  o f  su r f ace  mine l a k e  recovery  and t h a t  t h e  sediment o f  these  
l akes  documents t h a t  recovery.  There a r e  s t r ong  s h i f t s  between d ia tom 
assemblages known t o  i n d i c a t e  a c i d i c  c o n d i t i o n s  and those  i n d i c a t i n g  a1 ka- 
1  i n e  ones i n  sediment cores from many mine lakes.  The c o r e  l e v e l s  a t  which 
these  s h i f t s  occur  a r e  contemporaneous w i t h  t h e  n e u t r a l i z a t i o n  o f  t h e  lake.  
The d ia tom data show t h a t  t h e  d a t e  o f  n e u t r a l i z a t i o n  v a r i e s  w i d e l y  
among l akes  w i t h  some n e u t r a l i z i n g  q u i c k l y  and o t h e r s  t a k i n g  up t o  30 years 
t o  change. I n  Ohio F r i t z  and Carlson (1982) found a  l a k e  t h a t  t ook  SO 
years  t o  n e u t r a l i z e .  These r e s u l t s  should be hear ten ing  t o  those  who own 
o r  manage mined l a n d  because t hey  suggest t h a t  i n  most cases recovery  does 
n o t  1  a s t  a  g e o l o g i c a l l y  l o n g  t i m e  per iod.  
When n e u t r a l i z a t i o n  occurs,  i t  appears t o  be a  sudden event. The model 
o f  pH c o n t r o l  i n  mine l akes  developed by King e t  aZ. (1974) suggests t h a t  
l a k e s  should recover  suddenly because t h e  b u f f e r  systern c o n t r o l  1  i n g  l a k e  
pH s h i f t s  f rom aluminum a t  pH lower  than  4.5 t o  b ica rbonate  a t  pH g r e a t e r  
than  6.0. Our data suppor t  t h i s  argument because i n  every  case i n  which 
pH change occurs t h e r e  i s  a  s h i f t  f rom a c i d  i n d i c a t i n g  diatorr~s t o  a1 k a l i n e  
i n d i c a t i n g  ones ove r  a  few cen t ime te rs  i n  t h e  cores. 
The deep samples f rom t h e  Wesseln l a k e  c o r e  and sur face sediment 
samples f rom some o f  t h e  l akes  a t  t h e  Patoka s i t e  c o n t a i n  b o t h  a c i d  and 
a1 ka l  i n e  i n d i c a t i n g  species seemingly i n  c o n t r a d i c t i o n  t o  t h e  c o n t e n t i o n  
t h a t  n e u t r a l i z a t i o n  occurs q u i c k l y .  The m i x t u r e  o f  diatoms o f  w i d e l y  
d i f f e r i n g  pH probab ly  occurs because o f  i n t e r m i t t e n t  i n f l u x e s  i n  Ohio 
mine l a k e s  and Corbe t t  (1969) emphasizes t h a t  t h e  Patoka r i v e r  i n  Ind iana  
i s  more e f fec ted  by a c i d  mine d r a i n a g e  i n  t i m e  o f  h i g h  f l ow.  Even though 
i n t e r m i t t e n t  a c i d  i n f l u x e s  may occur  i t  appears t h a t  l a k e  r e c o v e r y  i s  sudden 
and t h a t  su r face  mine l a k e s  e x i s t  i n  an a c i d i c  a luminum-buf fered mode 
(pHc4.5) o r  an a1 k a l  i n e  b i c a r b o n a t e - b u f f e r e d  mode (pH>6.0). 
The r e s u l t s  from Gobp i le  l a k e  n e a r  M i l l  s t a d t  suggest t h a t  n e u t r a l  i z a t i o n  
may n o t  be f i n a l .  The d i a t o m  d a t a  i n d i c a t e  t h a t  t h i s  l a k e  was n e u t r a l  when 
formed, b u t  became a c i d  as s o i l  e r o s i o n  removed t o p s o i l  and exposed 
s u r r o u n d i n g  s p o i l  banks. Such an exper ience  suggests  t h a t  any d i s t u r b a n c e  
o f  mine s p o i l  su r round ing  a  recovered  l a k e  may expose new m a t e r i a l  t o  
wea ther ing  and t h u s  a c i d i f y  nearby l a k e s .  L indsay  and Nawrot (1981) have 
expressed s i m i l a r  r e s e r v a t i o n s  about  d i s t u r b i n g  mine s p o i l  on p a r t i a l l y  r e -  
vege ta ted  "problem" s i t e s .  They suggest t h a t  i l l - a d v i s e d  a t t e m p t s  t o  r e -  
c l a i m  such s i t e s  may r e s u l t  i n  g r e a t e r  a c i d  problems t h a n  i f  t h e  s i t e  were 
1  e f t  und is tu rbed .  
Both  recovered  and unrecovered a c i d  l a k e s  seem t o  be a s s o c i a t e d  w i t h  
p a r t i c u l a r  m i n i n g  p r a c t i c e s  and geograph ica l  l o c a t i o n s .  They a r e  r a r e  i n  - 
southwestern I l l i n o i s  b u t  common e a s t  o f  t h e  DuQuoin monocline, a  geo- 
1  o g i c a l  f e a t u r e  r u n n i n g  n o r t h  and s o u t h  a p p r o x i m a t e l y  th rough  Carbondal e  
(Hood 1978). The a c i d  and recovered  l a k e s  i n  Southwestern I l l i n o i s  appear 
t o  r e s u l t  f r o m  poor  m i n i n g  p r a c t i c e  -- n o t  geograph ica l  f a c t o r s .  Hood 
(1978) has e x p l a i n e d  t h e  d i s t r i b u t i o n  o f  a c i d  mine l a k e s  on t h e  b a s i s  o f  
bedrock geology w i t h  t h e  bedrock e a s t  o f  Carbondale be ing  l o w  i n  c a l c i u m  
carbona te  and west o f  t h e  c i t y  b e i n g  h i g h  i n  carbonates.  Our ev idence 
suggests  t h a t  most mine impoundments i n  Southwestern I l l i n o i s  were n e u t r a l  
when formed and remained t h a t  way, and t h a t  n e u t r a l i z a t i o n  o f  l a k e s  has been 
more common i n  sou theas te rn  I l l i n o i s ,  southern I n d i a n a  and i n  M i s s o u r i .  
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(a1 k a l i n i t y ) .  The a c i d i t y  o f  i n f l o w s  may be reduced even b e f o r e  reach ing  
t h e  l a k e  by i n t e r a c t i o n s  w i t h  c l a y s  and ca lc ium carbonate i n  t h e  l a t e  water-  
shed (K ing  e t  a l .  1974). W i th i n  l a k e  n e u t r a l i z a t i o n  o f  a c i d  mine d ra inage  
may occur by m i x i n g  w i t h  wate r  c o n t a i n i n g  b ica rbonate  a1 ka l  i n i t y  f rom 
o t h e r  sources and by r e d u c t i o n  o f  s u l f a t e  t o  s u l f i d e .  S u l f i d e  r e d u c t i o n  can 
d i m i n i s h  a c i d i t y  because a  s t r o n g l y  d i s s o c i a t e d  ac id ,  H2S04 i s  rep laced  by 
a  weakly d i s s o c i a t e d  one, H2S (Sch ind le r  e t  a l .  1979). 
Wi th  t i m e  t h e  i n p u t  r a t e s  o f  a c i d  an i n t e r n a l  n e u t r a l i z a t i o n  r a t e s  of 
p a r t i c u l a r  su r f ace  mine lakes  should change. Ac id  i n p u t s  should dec l  i n e  
over  t i m e  as t h e  s t o r e  o f  a c t i v e l y  weather ing s u l f i d e  m ine ra l s  i n  t h e  l a k e  
watershed dec l ines .  As King e t  aZ. (1974) po in ted  ou t ,  i n t e r n a l  n e u t r a l  i- 
z a t i o n  c a p a c i t y  of t h e  l a k e  should i nc rease  as o rgan i c  rnat ter  i n p u t s  t o  t h e  
l a k e  inc rease  as t h e  surrounding watershed revegeta tes  and p rov ides  t h e  
l a k e  w i t h  i n p u t s  o f  o rgan i c  m a t t e r  i n  t h e  fo rm o f  1 eaves and tw igs .  Even 
a t  v e r y  l o w  pH orgdn ic  m a t t e r  w i l l  a l s o  be suppl i ed  through t h e  p r imary  pro- 
d u c t i v i t y  o f  p l a n t s  w i t h i n  t h e  l a k e  (L i nd  1966). These sources o f  o rgan ic  
m a t t e r  p rov ide  t h e  s u b s t r a t e  f o r  su l  fa te- reduc ing bac te r i a .  Thus, as t ime  
goes on a c i d  i n p u t s  should d e c l i n e  and i n t e r n a l l y  generated n e u t r a l i z i n g  
c a p a c i t y  should r i s e .  I n  t ime, i n p u t s  of a c i d  should equal i n t e r n a l  neu- 
t r a l  i z i n g  c a p a c i t y  a l l o w i n g  t h e  l a k e  t o  s h i f t  o u t  of t h e  a c i d i c ,  aluminum- 
b u f f e r e d  mode. C e r t a i n l y ,  a c i d  i n p u t s  may f l u c t u a t e  so t h a t  l a k e s  which 
a r e  n e a r l y  n e u t r a l  i z e d  may be a c i d  f o r  more o r  l e s s  b r i e f  i r l t e r v a l s  d u r i n g  
t h e  year  o r  may have l a y e r s  o f  a c i d  wate r  t h a t  a r e  q u i c k l y  n e u t r a l i z e d  (as 
we found a t  Pyramid S t a t e  Park t h e  Patoka F i s h  and W i l d l i f e  Area). 
For  management purposes i t  i s  impor tan t  t o  understand t h e  r e l a t i v e  
magnitudes o f  a c i d  i npu t s  i n  r e l a t i o n  t o  i n t e r n a l  n e u t r a l i z a t i o n  processes, 
To do so i t  i s  i m p o r t a n t  t o  unders tand e x a c t l y  how s u l f i d e  r e d u c t i o n  
generates a1 ka l  i n i t y .  On t h i s  s c o r e  t h e  1  i t e r a t u r e  does n o t  agree. King 
e t  a1 . (1974) argue t h a t  n e u t r a l  i z a t i o n  occurs  because s u l f i d e  i s  reduced 
t o  H2S i n  t h e  deep wa te r  o f  t h e  l a k e  and outgassed as H2S f r o m  t h e  l a k e  
sur face.  Such o u t g a s i n g  seems u n l i k e l y  t o  occur  a t  any t i m e  s i g n i f i c a n t  
r a t e  s i n c e  t h e  H2S p resen t  i n  most s u r f a c e  mine l a k e s  i s  prevented from 
c o n t a c t  w i t h  t h e  a i r  by 2  t o  10 m o f  oxygenated wa te r  wh ich  may c o n t a i n  
s u l f i d e  o x i d i z i n g  b a c t e r i a .  Any H2S o x i d i z e d  i n  t h e  l i g h t e d  zone o f  t h e  
l a k e  would be prevented f r o m  r e d u c i n g  t h e  a c i d i t y  o f  t h e  l a k e  because t h e  
o x i d a t i o n  produces H2S04, F i g u r e  35 shows d i s s o l v e d  oxygen and s u l f i d e  
c o n c e n t r a t i o n s  i n  some o f  t h e  1  a  kes examined here. 
A  more a p p r o p r i a t e  hypo thes is  concern ing  i n t e r n a l  n e u t r a l  i z a t i o n  o f  
s u l f u r i c  a c i d  i n  l a k e s  i s  presentmed by S c h i n d l e r  e t  al. (1980). T h e i r  
ev idence shows t h a t  r e d u c t i o n  o f  s u l f a t e  t o  s u l f i d e  and s t o r a g e  of t h i s  
s u l f i d e  i n  t h e  sediment as FeS i s  a  source o f  n e u t r a l  i z a t i o n .  W i t h  t h e  
a d d i t i o n  o f  energy i n  t h e  f o r m  o f  o r g a n i c  carbon i n  an anaerob ic  environment 
t h e  a c i d  mine d r a i n a g e  r e a c t i o n  ( e q u a t i o n  4 )  can be reversed  t o  produce 
FeS, C02, and t o  absorb H'. The sediment i s  t h e  p robab le  l o c a t i o n  o f  t h i s  
r e a c t i o n  i n  s u r f a c e  mine lakes .  I n  some lakes,  l i k e  B r a d l e y ' s  Ac id  P i t  
t h e  deep wa te rs  a r e  poor i n  H2S b u t  t h e  sediment i s  r i c h  i n  a c i d - l e a c h a b l e  
S .  D i s s o l u t i o n  o f  t h e  FeS b y  t h e  o v e r l y i n g  a c i d  w a t e r  i s  a p p a r e n t l y  p re -  
vented b y  1  ack o f  sediment m ix ing .  Thus, t h e  sediment-water i n t e r f a c e  should  
be a  source o f  a c i d  n e u t r a l i z i n g  c a p a c i t y .  
It i s  i m p o r t a n t  t o  know t h e  amount o f  a l k a l i n i t y  generated w i t h i n  a  
l a k e  by s u l f a t e  r e d u c t i o n  and FeS p r e c i p i t a t i o n .  Our i n f o r m a t i o n  on s e d i -  
ment accumulat ion r a t e s  can be used t o  c a l c u l a t e  s u l f i d e  d e p o s i t i o n  r a t e s  
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yq~~ Kqskuayz~ uunloz~ JaqeM jo uoiqepeA :SE a~n6ij 
and thus  t o  es t imate  t h e  a l k a l i n i t y  generated by FeS p r e c i p i t a t i o n .  
According t o  equat ion 4  f o r  every  equ i va len t  o f  S04-- reduced and p r e c i p i -  
ta ted ,  one equ iva l  en t  o f  a1 ka l  i n i t y  should be produced (presumably most 
S-- l o s t  t o  t h e  sediment i s  l o s t  as FeS). Knowing t h e  l o s s  r a t e s  o f  S" we 
can c a l c u l a t e  t h e  r a t e  a t  which a l k a l i n i t y  i s  generated (Tab le  9) .  Th i s  
number can be compared t o  t h e  s tand ing  s t o c k  o f  a l k a l i n i t y  i n  t h e  l a k e  by  
c a l c u l a t i n g  t h e  f r a c t i o n  o f  t h e  s tand ing  s tock  o f  a l k a l i n i t y  which can be 
accounted f o r  by S-- r educ t i on  and p r e c i p i t a t i o n .  For a1 ka l  i n e  l akes  t h a t  
f r a c t i o n  ranges between 1.0% and 13.6%. For a c i d  l akes  t h e  f r a c t i o n  cou ld  
n o t  be c a l c u l a t e d  because a1 ka l  i n i t y  was 0. Thus, f o r  l akes  t h a t  have a l -  
ready n e u t r a l  ized, s u l f i d e  reduc t i on  and d e p o s i t i o n  i s  o n l y  a  minor  source 
of l a k e  a1 ka l  i n i t y  b u t  f o r  a c i d  l akes  wh ich  a r e  about t o  n e u t r a l i z e ,  i t  may 
be a  major  source. 
These r e s u l t s  stand i n  c o n t r a s t  t o  those  o f  Sch ind le r  e t  aZ. (1980) who 
found 60% o f  t h e  a1 ka l  i n i t y  o f  l a k e  223 i n  t h e  On ta r i o  Experimental  Lakes 
Area t o  have come f rom s u l f a t e  r e d u c t i o n  and p r e c i p i t a t i o n .  The d i f f e r i n g  
r e s u l t s  can be r e c o n c i l  ed because t h e  a1 ka l  i n i  t y  va lues o f  1  ake 223 b e f o r e  
a c i d i f i c a t i o n  w e r e . 0 7 t o  . l o  meq/l whereas those  o f  t h e  a l k a l i n e  su r f ace  
mine l akes  a r e  much h ighe r  r ang ing  f r om 1.3to 5,2meq/l. 
I f  r a t e s  o f  s u l f a t e  reduc t i on  a r e  t oo  low i n  most mine l akes  t o  neu t ra -  
l i z e  t h e i r  l a r g e  a c i d  inpu ts ,  then t h e  long- te rm n e u t r a l  i z a t i o n  process 
t h a t  we have documented i n  t h e  d ia tom data must r e s u l t  f r om decreas ing a c i d  
i npu t s  f r om t h e  watershed. The r e l a t i v e l y  r a p i d  t i m e  span f o r  n e u t r a l i z a t i o n  
suggests t h a t  t t i e  s u l f i d e  m ine ra l s  i n  mine s p o i l  l eac l i  o u t  r e l a t i v e l y  
q u i c k l y .  
A d d i t i o n a l  evidence f o r  t h i s  l each ing  process comes f r om t h e  work o f  
Table 9. Rates o f  a1 ka l  i n i t y  generat ion i n  sur face  mines 1 akes. 
A1 kal  i n i t y  F rac t i on  o f  
Lakes S" Lost  A l k a l i n i t y  Lake Standing A1 ka l  i n i t y  
Per Year Generated A1 kal  i n i t y  Stock Generated 
~ o l e s / ~ 2  nieq/m2/yr meq/l meq/m2 Per Year 
Spr ing 
C l  ear 
Wessel n 
Linden 
Gobpil e 
Brad1 ey 
Moroni ' s 
B ig  P i t  
Bethel 
,036 
.031 
.078 
.019 
I n d  
I n  d 
.068 
Lindsay and Nawrot (1981) on t e r r e s t r i a l  vege ta t i on  on mine s i t e s .  They 
c l a s s i f y  d i f f e r e n t  s i t e s  and es t ima te  l eng ths  o f  t i w e  u n t i l  weather ing o f  
s u l f i d e  minera ls  i n  t h e  mine s p o i l  i s  completed. Our s i t e s  f a l l  i r l t o  
t h e i r  l e a s t  d i s t u rbed  ca tego r i es  ( c l asses  I 1 1  t o  V )  and ou r  es t imates  o f  
recovery  t imes  o f  l akes  a r e  i n  accord w i t h  L indsay and Nawrot 's est imates 
o f  vege ta t i on  recovery  r a t e s  on s i m i l a r  s i t e s .  
Our s t u d i e s  suggest t h a t  f o r  su r f ace  mine l akes  t h e  r a t e  o f  
weather ing o f  surrounding mine s p o i l  i s  t h e  p r imary  c o n t r o l  on l a k e  neu- 
t r a l  i z a t i o n  ra te .  The p r e l  im ina ry  data presented here i n d i c a t e  t h a t  i n -  
t e r n a l  n e u t r a l i z a t i o n  by s u l f a t e  r e d u c t i o n  and d e p o s i t i o n  p lays  o n l y  a  
minor  r o l e  i n  t h e  process. The importance o f  i n t e r n a l  n e u t r a l i z a t i o n  
processes might  be more thorough ly  eva luated by t h e  use o f  w i t h i n - l a k e  
enc losures such as those  used by Shapiro e t  aZ. (1981) and Lund (1981). 
It w i l l  be necessary t o  more t ho rough l y  eva lua te  r a t e s  o f  genera t ion  o f  
a c i d  n e u t r a l i z i n g  capac i t y  by s u l f a t e  reduc t i on  and depos i t ion ,  H2S ou t -  
g a s i r ~ g  and i n f l o w  o f  h i g h  a1 ka l  i n i t y  water.  Our r e s u l t s  suggest, however, 
t h a t  r e d u c t i o r ~  o f  s u l f a t e  t o  s u l f i d e  p l ays  o n l y  a  minor  r o l e  i n  l a k e  
n e u t r a l  i z a t i o n .  
5.0 Conclusions 
1. Many p r e s e n t l y  a1 k a l i n e  su r f ace  mine l a k e s  were shown t o  have been 
a c i d  when formed i n d i c a t i n g  t h a t  r ecove ry  o f  l a kes  on mine s i t e s  f r om  t h e  
e f f e c t s  o f  a c i d  mine d ra inage  i s  r e l a t i v e l y  common. 
2. Lengths of t i t i le  r e q u i r e d  f o r  l a k e  n e u t r a l i z a t i o n  v a r y  f r om  a  few years  
t o  as many as 60 years.  It i s  s i g n i f i c a n t  t h a t  t h e  r ecove ry  r a t e s ,  w h i l e  
l o n g  i n  human terms, a r e  n o t  geo log i ca l  i n  t i m e  sca le .  
3. When recove ry  occurs,  t h e r e  i s  a  r a p i d  s h i f t  i n  l a k e  pH f r o m  below 
4.5 t o  above 6.0. A few l akes  have l i n g e r i n g  i n t e r m i t t e n t  a c i d  i npu t s ,  
b u t  most seem t o  r ecove r  compl e t e l y .  
4. Recovery seems n o t  t o  be assoc ia ted  w i t h  t h e  ou tgass ing  o f  HzS, as 
suggested by K ing e t  aZ (1974) n o r  i s  sedirr~ent s u l f i d e  d e p o s i t i o n  i m -  
p o r t a n t  i n  produc ing l a k e  recovery  as suggested by  Schind l  e r  st aZ. (1980). 
Recovery seems t o  be assoc ia ted  w i t h  t h e  exhausion of watershed sources 
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